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The heat is on 


At December's climate-change meeting, everyone can agree on one thing: it is make-or-break time. 


in Bali, Indonesia, is charged with drawing up a clear and 

convincing road map that will lead to a robust international 
climate-change agreement to succeed the Kyoto Protocol. That is a 
momentous challenge but, given the right approach from partici- 
pants, not an insurmountable one. 

Evidence is fast mounting that time is running out for nations to 
unite in a credible response to climate change. The International 
Energy Agency said last week that energy-related emissions of carbon 
dioxide are set to grow from 27 gigatonnes in 2005 to 42 gigatonnes 
by 2030 — a rise of 56%. Other estimates project even higher growth, 
and also reveal, alarmingly, that ‘carbon intensity’ — the level of car- 
bon emissions required to sustain a given level of economic activity 
— is actually growing again. 

Bad faith still clouds the implementation of the 1997 Kyoto Protocol, 
which expires in 2012. US withdrawal from the agreement and the trea- 
ty’s subsequent failure to make much noticeable impact on its signato- 
ries’ emissions leave ample scope for ugly and fruitless recrimination. 

Yet the timing of the Bali meeting is, politically, rather more aus- 
picious than was the case at Kyoto ten years ago. A new politics of 
climate change is unfolding in Australia (see page 336) and the United 
States (see page 340), two of the nations where opposition to effec- 
tive international action has been strongest (see also pages 333 and 
342). This is the context for a new international agreement that must 
transcend the Kyoto accord by setting in motion a vision that is more 
broadly based and more ambitious than the cap-and-trade principle 
of the original agreement. 


\ ext month’s United Nations Climate Change Conference 


If the cap fits 

The road map that will emerge from Bali need not cling to cap-and- 
trade as its mainstay. Indeed, cap-and-trade has yet to be fully tested 
as a mechanism for reducing emissions. It was originally conceived to 
deal with sulphur emissions from power stations — an issue in which 
the costs and benefits are relatively small — but doubts are emerging 
about its ability to cope with the far larger issue of greenhouse-gas emis- 
sions. Nevertheless, it should not be abandoned, but other approaches, 
including the direct imposition of carbon taxes, may ultimately prove 
to be equally as potent in raising the cost of burning fossil fuels. 

In addition to striking the right balance between Kyoto-type targets 
and fresh approaches to global action on climate change, the Bali 
road map will have to cover territory that the previous accord was 
unable to reach. For example, it will have to set terms for the direct 
involvement of developing nations in the international push to reduce 
carbon emissions. That means the participation of nations such as 
India, Brazil and China — the last of which has, the International 
Energy Agency believes, this year surpassed the United States as the 
world’s largest emitter of carbon dioxide. 

The poorest countries cannot be expected to be part of this push 
here, but they must benefit from assistance for their efforts to adapt to 


the effects of climate change. Several wealthy nations, such as the Neth- 
erlands, are forging ahead with sophisticated adaptation strategies. 
But for the most vulnerable societies, adaptation to climate change 
ultimately boils down to poverty alleviation. Such a requirement must 
co-exist with the politically awkward fact that the new accord must 
take into account substantial contributory factors that were excluded 
from Kyoto — including emissions from air transport and the huge 
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grammes needed to come up with 

more alternative-energy sources. Already, market forces are pulling 
a diverse range of solar and wind options through to more cost-effec- 
tive operation. But there are major energy problems, such as carbon 
capture and sequestration, that will require substantial public-sector 
investment to move forward. 


Thinking big 

All of this is a tall order for the representatives of more than 
180 nations expected to gather at Bali on 3-14 December. A great 
deal will hinge on the approach taken by the two largest emitters, 
China and the United States. 

There will be a temptation for China to assume a stance as defender 
of the poor nations against the malign interests of the rich. It would 
certainly be politically feasible for it to point to the failure of the United 
States to fulfil its earlier agreement that developed nations should act 
first, and to argue that there is no moral case for China to do so when its 
per capita emissions are so much lower than those of other countries. 

Fortunately, there are signs that China knows better than to adopt 
this dead-end strategy. There are clear signs that Beijing is fully aware 
of the threat posed to China’s future development by climate change 
and, as usual, its leadership will be taking the long view. Despite the 
rampant construction of coal plants in the past few years, China knows 
that its energy balance has to change, and it can use the Bali meeting to 
assert itself as a global power, offering to lead, rather than to follow. 

The outlook for the US delegation is less promising. Its negotiators 
will include ideologues who will stop at nothing to derail the hum- 
ble progress the rest of the world has managed to make through the 
Kyoto accord. The only thing that can save them from themselves is 
President Bush's possible desire to end his reign on a slightly more 
positive note than the salutary one on which he began it, with his 
March 2001 decision that the United States would withdraw from the 
Kyoto agreement. The next American president is, thankfully, likely 
to take a more constructive approach to global warming after 2009. 
The Bali meeting is the global community's chance to prepare for the 
opening that this should provide. rT] 
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Enhancing, not cheating 


A broad debate about the use of drugs that improve 
cognition for both the healthy and the ill is needed. 


enhancement, the idea that it is cheating has least power. Yes, 

when organized competition or formal testing of abilities is 
the name of the game, drug-based strengthening is questionable and 
regulations against it need to be adhered to. 

More debatable are arguments by opponents of drug-based enhance- 
ment that it is cheating against oneself. “Personal achievements imper- 
sonally achieved are not truly the achievements of persons,’ said the 
report Beyond Therapy by the US President's Council on Bioethics, 
chaired at the time by ethicist Leon Kass. Yet imagine if a researcher 
could improve his or her ability to memorize the postulated connec- 
tions in a complex signalling pathway central to tumour development, 
or if a musician could improve his or her concentration and deliver a 
better performance on the night. Far from cheating on themselves or 
others, they would be delivering a higher return on their investment of 
effort, and indeed on society’s investment in them. We all benefit. 

What is sure is that opponents of enhancement are, to a degree, 
whistling in the wind. They raise other spectres — unfairness of access 
(although today’s enhancing dose is cheaper than a cup of coffee), 
possibilities of employer coercion and the loss of human dignity or of 
the ‘natural’ — but ultimately, to little avail. Many healthy people still 
opt for chemical enhancements of all sorts, as suppliers of cosmetics 
and some pharmaceuticals know well. Such actions betoken an ethical 
argument on the other side: the pursuit of personal liberty. 


C) f all the arguments levelled against taking drugs for human 


Studies on healthy volunteers have shown the cognitive effects of 
enhancing drugs to be mild, but sufficient to be considered helpful. 
The pills with least risky side effects seem to be methylphenidate 
(prescribed for attention-deficit disorder) and modafinil (prescribed 
for narcolepsy). Studies, mostly in 
the United States, have documented 
usage of drugs for cognitive enhance- 
ment by 5-15% of students, and anec- 
aca of use by postdocs and pianos by ; 

As described in a valuable discus- 5-15% of students. 
sion paper from the British Medical Association (www.bma.org.uk/ 
ap.nsf/Content/CognitiveEnhancement2007), these drugs have an 
honourable track record in helping the afflicted — and they could do 
yet more to that end. The risks of long-term use are not well under- 
stood (although that also applies to many approved drug therapies). 
And the ethical issues are not to be ignored, although the document 
lacks a description of who stands to make money from enhance- 
ment drugs. Appropriately, it reviews the issues and sets out topics for 
debate, rather than advocating use or restriction of enhancers. 

The debate itself is not new, but it has been confined to relatively 
small circles. Yet the use of cognitive-enhancing drugs by both the ill 
and the healthy — and those in the substantial grey zone overlapping 
both — is already more widespread than is generally appreciated. 
The lack of debate on regulation by nations or by institutions, such 
as universities, is increasingly problematic. And those in favour of 
chemically induced cognitive enhancement for the healthy need to 
develop their scientific and ethical case, because it will be all too easy 
for the ethically conservative to hold sway over political leaders, most 
of whom would prefer to wish this particular challenge away. 7 


"Studies have 
documented usage 
of drugs for cognitive 


Prescription for change 


Health research in Italy is in desperate 
need of a fresh start. 


ter. A member of the centre-left Democratic Party, Turco has 

been caught in a web of power politics that has led her to nomi- 
nate Enrico Garaci to serve a third term as president of the ISS, an 
important, publicly funded health-research institute in Rome. The 
nomination is seen by many as problematic because Garaci has not 
fully embraced the open and competitive peer review that Italian 
research policy must adopt if it is to compete more effectively with 
other scientific powers of comparable size. 

On 6 November, the Italian Senate’s health committee took the 
unusual move of rejecting the nomination. Legally, Turco is obliged to 
take note of the Senate's view — and also that of the chamber of depu- 
ties, a committee of which approved the nomination on 24 October 
— but she does not have to follow it. By withdrawing the nomination, 
she may lose political face, but by insisting on it, she will undermine 
her government's main objective, which is to cajole Italian governance 
into a new era of meritocracy and openness. 


Te are painful times for Livia Turco, the Italian health minis- 
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The ISS is in some ways Italy’s equivalent of the Pasteur Institute 
in Paris. It employs around 1,500 scientists who work in areas such 
as vaccines, stem cells and genomics, and its €100 million (US$145 
million) annual budget is mostly absorbed by salaries — although the 
institute also coordinates some extramural projects. 

The way in which Garaci has administered these projects has often 
upset other senior scientists. Their discontent is currently focused 
on €3 million allocated to stem-cell research this year. Stem-cell 
researchers have complained to Turco in a letter to which she has not 
replied. Newspapers have pointed out that Garaci was a member of 
the health-ministry committee that helped decide that the ISS would 
distribute the stem-cell funds. Moreover critics fear that Garaci’s own 
doctrinaire brand of Catholicism— he is a member of the conserva- 
tive Science and Life group — may prevent the small programme 
from supporting work that would be permitted under the law, but of 
which he may personally disapprove. 

On balance, Garaci lacks the confidence among his peers that a 
director of the ISS needs. Turco should withdraw his nomination and 
follow the procedure adopted successfully by her colleague, research 
minister Fabio Mussi, in filling top positions. She should set up an 
independent search committee to draw up a shortlist of candidates 
from which she can select a nominee, who would then have the full 
confidence of Italy’s biomedical research community. 2 
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RESEARCH HIGHLIGHTS 


PARTICLE PHYSICS 


Neutrinos on ice 


Phys. Rev. Lett. 99, 171101 (2007) 

A large-scale experimental simulation has 
bolstered an ambitious project to detect neutrinos 
from space as they hit huge swathes of polar ice. 

Neutrinos can provide insights into 
fundamental physics and stellar nuclear fusion. 
But because they barely interact with matter, they 
are very hard to detect. 

The project, called ANITA (pictured right), 
aims to use balloon-borne detectors to scour the 
Antarctic ice sheets for radio-frequency Cerenkov 
emissions produced by charged particles kicked 
up by the incoming neutrinos. But these emissions 
had not previously been detected in ice. 

Using the Stanford Linear Collider to fire 
neutrinos into a 7.5-tonne block of ice, Peter 
Gorham of the University of Hawaii and his 
colleagues have verified that these Cerenkov 
emissions are indeed produced in ice and can be 
detected with the balloon instruments. 
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BIOLOGY 


Changed ina flash 


Proc. R. Soc. B doi:10.1098/rspb.2007.0966 (2007) 
A predatory coral-reef fish called the 
bluestriped fangblenny (Plagiotremus 
rhinorhynchos) swiftly changes colour 
— from various earth tones to black with an 
electric-blue stripe (pictured below) — to 
camouflage itself as a harmless fish species. 
The ability to change colour was already 
known, but Karen Cheney and her colleagues 
at the University of Queensland in Australia 
have now shown that it occurs when 
the fangblenny swims among the fish it 
mimics — juvenile cleaner fish (Labroides 
dimidiatus). In so doing, the fangblenny 
can approach fish that are expecting to be 
cleaned, and then take a bite out of them. 
The researchers caught fangblennies from 
the Great Barrier Reef, and observed them in 
tanks with both cleaner fish and other types 
of fish. Their findings are the first to show 
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that a vertebrate will switch its colour back 
and forth depending on the presence of the 
mimicked species. 


ANIMAL BEHAVIOUR 


Breaking the rule 


Proc. R. Soc. B doi:10.1098/rspb.2007.1056 (2007) 
‘The island rule is an old saw of ecology. 

Small mammals on islands evolve bigger body 
size than their mainland counterparts; large 
mammals shrink. The rule recently grabbed 
attention when people delighted in visions of 
Flores Island in the Pleistocene, during which 
miniature humans (Homo floresiensis) might 
have hunted giant rats and lizards. 

In the most rigorous test yet of this 
hypothesis, Shai Meiri of Imperial College, 
London, and his colleagues looked at 1,184 
island—mainland population pairs both 
separately and in an analysis that took into 
account their phylogenic relationships. They 
found that the island rule does not hold true 
across all mammals. It does 
seem to hold for some groups: 
mice are often bigger on islands 
and deer are often smaller. 

The fact that these groups 

have many members may have 
swamped the data set and given 
rise to an overgeneralization. 


MICROBIOLOGY 


Crowd control 


PLoS Biol. 5, e302 (2007). 
The shape of the bacterium 
Escherichia coli might have 
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evolved to cope with life in tight spaces, 
researchers suggest. 

Bacteria can fill tiny cracks and crevices 
with ordered colonies united by an active 
cell-to-cell communication system. Andre 
Levchenko of Johns Hopkins University in 
Baltimore, Maryland, and Alex Groisman of 
the University of California, San Diego, and 
their colleagues observed E. coli cells as they 
colonized chambers in a microfluidic device, 
which is designed to force fluids into tiny 
spaces. 

Simulations based on their observations 
showed that the length-to-width ratio of 
the bacteria enables cells to avoid a traffic 
jam or being damaged by other cells while 
leaving the confining chambers of the device. 
The organization of the colony also helps to 
maintain nutrient flow to every cell. 


GENOMICS 


A head-scratcher 


Proc. Natl Acad. Sci. USA doi:10.1073/ 
pnas.0706756104 (2007) 
Fungi associated with human dandruff have 
suprising similarity to other skin-colonizing 
organisms, genome sequences reveal. This 
insight might lead to targets for treatment of 
various skin disorders. 

Tom Dawson of Proctor and Gamble and 
his collaborators sequenced the genomes 
of Malassezia globosa and, less thoroughly, 
Malassezia restricta. They then compared the 
sequences with those of a closely related plant 
pathogen, Ustilago maydis, and a distantly 
related human pathogen, Candida albicans, 
which causes thrush. 


J. KOWALSKI 


Despite an overall genomic similarity, 
U. maydis and Malassezia differ in the 
proteins they secrete. Malassezia secretes 
proteins that metabolize lipids and fats from 
the host's skin that are similar to those of 
the distantly related C. albicans, probably 
because they evolved to live in similar niches. 
Researchers also discovered that Malassezia 
might be able to reproduce sexually. 


NANOTECHNOLOGY 


Tiny tunes 


Nano Lett. 10.1021/nl0721113 (2007); Nano Lett. 
10.1021/nl0714839 (2007) 

Two groups of researchers have constructed 
radios out of nanotubes. 

Alex Zettl and his colleagues at the 
University of California at Berkeley exposed 
a nanotube with a charged tip to radio waves. 
The waves cause the tip to vibrate, and when 
the frequency of the incoming wave matches 
the resonance frequency of the tube, the 
device can convert the transmission into 
an audible signal. 

Meanwhile, Chris Rutherglen and Peter 
Burke of the University of California, 

Irvine, developed their own nanotube 
radio by exploiting the nonlinear 
current-voltage characteristics of a single- 
walled carbon nanotube that was fixed to 
electrodes at both ends. 

Zettl’s team picked up the Beach Boy’s 
song Good Vibrations on their machine, 
and Burke's team broadcast harp music 
from Turlough O’Carolan, a blind 
musician from the seventeenth century. 


IMMUNOLOGY 
It's not you, it's your protein 


Nature Immunol. doi:10.1038/ni1527 (2007) 
The success of bone-marrow transplants 
could depend on a mouse protein called 
Sirpa. Jayne Danska at the Hospital for Sick 
Children Research Institute in Toronto, 
Canada, and her colleagues explain why one 
strain of mice with a mutation that severely 
compromises its immune system can accept 
bone marrow, whereas other strains with the 
same mutation kill the invading cells. 

The team’s special strain of mice boasts 
a version of Sirpa that silences the immune 
system's onslaught. Adding this version to 
immune cells in a Petri dish allows bone- 
marrow cells grown with them to flourish 
and produce blood cells. Found on host 
macrophages, Sirpa recognizes a protein on 
bone-marrow cells called CD47. 

The researchers hope to determine whether 
the 10 or more versions of Sirpa found in 


human populations can explain transplant 
failures between seemingly matched patients. 


PALAEONTOLOGY 
Ancient jellyfish 


PLoS ONE 2, 1121 (2007) 

The discovery of jellyfish fossils dating from 
about 500 million years ago (pictured below 
left) shows that the complex invertebrates 
evolved much earlier than was previously 
thought. Four types of jellyfish, peeled from 
the shale of northwestern Utah, are the earliest 
known definitive examples of these animals. 
Previously, the earliest jellyfish fossils came 
from Pennsylvania shale quarries and were 
dated to about 320 million years ago. 

Lead author Paulyn Cartwright of the 
University of Kansas in Lawrence says that 
the new fossils from the Marjum Formation 
reinforce the view that relatives of today’s 
drifting marine life (pictured below right) 
also lived during the Cambrian period. 


NANOCHEMISTRY 


Gene boxes 


J. Am. Chem Soc. 129, 13376-13377 (2007) 

DNA is emerging as an ideal material for 
construction of nano-objects because it 

can be programmed to self-assemble into 
double-stranded segments according to 

its base sequence. But building three- 
dimensionally with DNA has generally been 
cumbersome and messy. Making objects that 
are topologically complex, such as cubes, has 
required many synthetic steps and has given 
only alow yield. 

Faisal Aldaye and Hanadi Sleiman of McGill 
University in Montreal, Canada, have now 
developed a versatile way to make various 
DNA polyhedral nanostructures at a stroke. 
They create prefabricated polygonal rings 
of single-stranded DNA, which can then be 
efficiently linked into cage-like shapes with the 
addition of complementary linking strands. 
One of these cages can even change shape. 
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RESEARCH HIGHLIGHTS 


JOURNAL CLUB 


Clive R. Bagshaw 
University of Leicester, UK 


A biochemist is excited by a 
universal glue for molecular 
biology. 


Investigating the dynamic 
properties of proteins at the level 
of a single molecule allows insight 
into properties that are masked 

in ensemble studies. | have often 
found that the hardest part of 
such studies is immobilizing the 
molecule ona silica surfaceina 
‘permanent’ way that retains the 
molecule’s function. 

The proteins we investigate are 
usually prepared with a His-tag — 
comprising 6+ engineered histidine 
residues — that binds, viaa 
chelated nickel ion, to nitriloacetic 
acid (NTA), aiding purification 
onan NTA affinity column. 
Immobilization through this tag 
would therefore be an attractive 
option. But alas, this is only partly 
successful using the standard NTA 
group because proteins have a 
significant probability of detaching 
from the silica support on the 
timescale of minutes. 

But surely a chemist somewhere 
has improved on this technology? 
Thanks to Google, | found the work 
of Jacob Piehler who, in 2005, 
introduced tris-NTA, a cyclam ring 
with three groups attached to it. 
Tris-NTA shows a thousand-fold 
higher affinity for His-tags in the 
presence of nickel than NTA anda 
dissociation half-life of many hours. 

Piehler and colleagues have 
gone on to exploit this technology 
as a general means of attaching 
fluorophores to His-tagged proteins 
and, most recently, as a convenient 
way of specifically conjugating 
proteins to streptavidin (A. Reichel 
et al. Anal. Chem. doi:10.1021/ 
ac0714922; 2007). 

The streptavidin-biotin complex 
is another widely-used ‘glue’ in 
biotechnology, but the use of an 
intermediate tris-NTA-biotin 
adaptor broadens its application 
to His-tagged proteins and renders 
the attachment reversible on 
addition of excess imidazole. | look 
forward to using this technology 
in our single-molecule studies, for 
which sucha reversible glue has 
the same appeal as a Post-It note. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS 


nature 


Pakistan's universities take up protest 


Scientists and students in Pakistan have joined 
countrywide protests against the state of emer- 
gency, the suspension of the country’s constitu- 
tion and the sacking of its judiciary announced 
by the president, General Pervez Musharraf, 
on 3 November. 

Thousands of staff and students are contin- 
uing to demonstrate at some of the country’s 
top universities, among them the University of 
the Punjab, Lahore University of Management 
Sciences and the GIK Institute of Engineering 
Sciences and Technology in Topi. 

There are also daily protests at the country’s 
flagship Quaid-i-Azam University in Islama- 
bad. On Tuesday, police tried to arrest some 500 
protesting students and faculty at the university. 
But, according to news reports, vice-chancel- 
lor Qasim Jan stepped in and insisted that the 
protest continued. 

This is the first time the scientific community 
has opposed military rule in such large num- 
bers, says Pervez Hoodbhoy, chair of physics 
at Quaid-i-Azam University. “This is an unex- 
pectedly big number, because for 20 years, 
since student unions were banned by General 
Muhammad Zia-ul-Haq [the last military 
ruler], Pakistani universities have been quite 
indifferent to national politics.” 

Since taking power in a coup in 1999, General 
Musharraf has assumed the twin roles of head 
of state and head of the army. But he has also 
carved a reputation as an economic and social 
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liberal, and a bulwark against the al-Qaeda ter- 
rorist network. He has allowed independent 
media organizations to publish and broadcast. 
And Internet access has expanded from 40 cit- 
ies in 1999 to 2,000 in 2006, with one in two 
Pakistanis having a mobile phone. 

Musharraf also presided over a massive uni- 
versity building programme, and introduced a 


tenure-track system for university professors. 
The numbers of PhDs emerging from univer- 
sities has more than doubled to 700 annually, 
with plans for a further doubling in the next 
four years. 

But like all of Pakistan’s previous military 
dictators (Musharraf is the fourth), he is hav- 
ing trouble letting go of the reins of power. With 
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Merck settles Vioxx lawsuits for $4.85 billion 


Three years after it pulled its blockbuster 
painkiller Vioxx from the market, Merck has 
agreed to pay $4.85 billion to settle nearly 
27,000 lawsuits that claim the arthritis drug 
caused heart attacks and strokes. 

The settlement, although specifying that 
Merck “does not admit causation or fault’; is 
in effect the legal expression of an admission 
by the company of a medical 
problem when it withdrew 
the $2.5-billion-a-year drug 
in September 2004 after five 
years on the market. It was prompted to do 
so when patients taking Vioxx in a Merck- 
sponsored clinical trial showed a doubled 
risk of heart attack and stroke (R. Bresalier 
etal. N. Engl. J. Med. 352, 1092-1102; 2005). 
At the time, the company promised to fight 
in court every lawsuit brought against it. 
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“Merck does not admit 
causation or fault.” 


The settlement agreed on 9 November 
is a qualified positive for Merck. The New 
Jersey company’s Vioxx liability was initially 
pegged by Wall Street at tens of billions of 
dollars. What’s more, the deal will go ahead 
if only 85% of eligible claimants agree to it, 
lowering the risk that thousands of cases 
will continue to drag on in court. 

Both sides claim victory. 
Plaintiffs’ attorney Mark 
Lanier of the Lanier Law Firm 
in Houston, Texas, applauded 
the deal as “a huge opportunity for those 
who have been hurt by the drug to receive a 
fair settlement” and said he would counsel 
the 1,006 plaintiffs he represents to accept it. 

Bruce Kuhlik, Merck's general counsel, 
called the settlement “a product of the 
success that we've had in the litigation so far”. 
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Despite a stunning $253-million judgment 
against Merck in the first Vioxx trial (see 
Nature 436, 1070; 2005) — later reduced to 
around $26 million under Texas damage 
law — Merck has won 11 Vioxx cases so far, 
whereas plaintiffs have prevailed in only 5. 

Those numbers reflect the difficulty 
of proving causation in individual cases, 
regardless of the soundness of aggregate 
findings from large randomized clinical 
trials, when a drug’s adverse effects — and 
the risk factors that can lead to them — are 
broadly and independently prevalent in the 
population. That helped defence lawyers 
persuade juries that Vioxx wasn’t at fault in 
the heart attacks suffered by plaintiffs such 
as Elaine Doherty, an overweight 68-year- 
old with diabetes and high blood pressure. 

“What was so clever about the defence 


HAVE YOUR SAY 
Comment on any of our 
news stories, online. 
www.nature.com/news 


elections set for January, some analysts are pre- 
dicting that he may agree to a power-sharing alli- 
ance with opposition leader Benazir Bhutto in 
which he remains head of state but gives up his 
role as head of the army, with Bhutto assuming 

the role of prime minister (for the third time). 
Such a scenario could have uncertain con- 
sequences for science and education. Bhutto's 
previous stint as prime minister (1993-96) was 
characterized by low investment in research 
and higher education. She was also much criti- 
cized by the scientific community for failing to 
appoint a minister for 
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national politics.” Italy, for a seminar 


originally designed 
to showcase the country’s progress in science, 
technology and higher education. Much of the 
meeting is now likely to be devoted to specula- 
tion on what will happen after the election. 
Among the speakers will be Atta-ur-Rahman, 
chair of Pakistan's Higher Education Commis- 
sion anda professor of chemistry at the Univer- 
sity of Karachi. He told Nature that an incoming 
government had a responsibility not to throw 
away the past: “I hope the new government will 
continue on the present path. We have made 
huge advances in the past several years and it 
would bea great shame if this were lost.” a 
Ehsan Masood 


strategy is that they argued it at the 
individual level. It certainly drove down 
the estimates of how much this was going 
to cost them,” says Garret FitzGerald, 
chair of pharmacology at the University 
of Pennsylvania in Philadelphia, whose 
mechanistic studies in humans and mice 
first pointed to the cardiovascular risks of 
Vioxx and other drugs in its class. 

The Vioxx cases are in stark contrast to 
the lawsuits brought by people who took 
Fen-Phen, a popular diet-drug combination 
withdrawn in 1997. The signature, and 
relatively uncommon, heart-valve damage 
caused in those cases left drug-maker Wyeth 
liable for damages of more than $21 billion. 

Indeed, for scientists and clinicians, the 
main message of the settlement may be 
that reliable, personalized lawsuit victories 
remain as elusive as personalized medicine 
itself, and for many similar reasons. | 
Meredith Wadman 


HIV vaccine may raise risk 


AnHIV vaccine made by 
Merck that failed in clinical 
trials may have increased 
the susceptibility of some 
trial participants to the AIDS 
virus, researchers reported 
last week. The findings have 
left scientists grappling with 
the problem of how to handle 
future trials of vaccines 

that use similar strategies 

to stimulate an immune 
response. 

The trial was suspended in 
September, when preliminary 
analyses showed that the 
vaccine failed to protect 
participants against HIV (see 
Nature 449, 390; 2007). The 
vaccine consisted of three HIV 
genes carried by a weakened 
viral vector. Neither the HIV 
genes nor the vector, made 
from acommon-cold virus 
called adenovirus 5, were 
capable of causing infection. 

But it seems that trial 
participants who had a 
pre-existing immunity to 
adenovirus 5 were more likely 
to become HIV-positive if they 
received the vaccine. Among 
male volunteers who had high 
levels of antibodies against the 
adenovirus, 21 of 392 became 
infected in the vaccinated 
group, but only 9 of 386 were 
infected in the placebo group. 
The vaccine did not affect 
infection rates in men with no 
adenovirus-5 immunity. 


The trial was not designed 
to examine the relationship 
between adenovirus-5 
immunity and HIV infection, 
and researchers cannot 
say whether the result is 
statistically significant. But 
they can't ignore the findings, 
says Anthony Fauci, director 
of the National Institute 
of Allergy and Infectious 
Diseases in Bethesda, 
Maryland. The start of another 
HIV-vaccine trial has been 
pushed back several months to 
allow more time for scientific 
review, he says. 

For now, researchers are 
trying to determine whether 
the vector is to blame or 
whether those with high 
adenovirus-5 immunity are 
at risk for unrelated reasons. 
Immunologists say it is also 
theoretically possible that 
vaccination in those with pre- 
existing immunity may have 
triggered an immune response 
that transiently boosted 
production of activated CD4 
cells — the very immune cells 
that HIV infects. 

That theory leaves several 
questions unanswered. For 
example, it is not known how 
long after vaccination the 
activated CD4 cells would 
have remained in the mucosal 
surfaces where HIV first gains 
entry, says Fauci. 

Researchers are nevertheless 
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concerned. One possible 
solution is to limit future 
trials of adenovirus-5-based 
vaccines to participants with 
very low levels of immunity 
to the vector, says Gary 
Nabel, director of the Vaccine 
Research Center at the 
National Institutes of Health 
in Bethesda, Maryland. But 
doing so would close off the 
trials to a large proportion 
of the population they aim 
one day to help: more than 
80% of sub-Saharan Africans 
have significant levels of 
adenovirus-5 immunity. In 
addition to the planned HIV- 
vaccine trial, an Ebola vaccine 
in development also relies on 
an adenovirus-5 vector. 

But at this stage in vaccine 
development, researchers 
are just looking for a proof of 
concept rather than a vaccine 
that can be put directly to use, 
says Lawrence Corey, lead 
investigator of the HIV Vaccine 
Trials Network. Alternatives 
to adenovirus 5 are being 
developed, and may be 
substituted once the efficacy 
of a vaccination strategy has 
been shown. Nevertheless, 
vaccine developers will face 
challenging decisions in light 
of the new data, he says: 
“Translating uncertain data 
into policy is always a difficult 
issue.” i 
Heidi Ledford 


Hopes for a future 
vaccine against 
the devastating 
Ebola virus may 
have been set back 
by the results of a 
clinical trial of an 
HIV vaccine. 


J.-M. BOUJU/AP 
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Q&A 


The price of power 


The price of oil is hovering at around US$100 a barrel, a psychologically powerful level that experts and analysts once discussed in 
purely theoretical terms. John Deutch, a chemistry professor at the Massachusetts Institute of Technology in Cambridge and former 
director of the US Central Intelligence Agency under President Clinton, gives his thoughts on the issue. 


What is the significance of $100 oil? 

The rise in oil prices indicates the inevitable 
truth that we are using up low-cost energy 
reserves in the ground. We should expect 
that over time, on average, oil and gas prices 
will increase. That increase will cause three 
things to happen: less oil and gas will be 
consumed; there will be a shift from oil 

and gas to renewable energy sources; and, 
happily, new technologies will become more 
attractive. I’m quite optimistic. 


What is causing this price rise? 

Demand for oil and gas, especially from 
rapidly growing Asian economies such as 
India and China, is a real driver. I think that 
the International Energy Agency projects 
that oil consumption will go up from 80 or 90 
million barrels per day worldwide to about 
120 million barrels per day by 2030. The 
fastest growth will be from Asian economies. 


Is $100 oil here to stay? 

Energy experts know that prices fluctuate. 
Although I think it is perfectly possible that 
oil prices will decrease from the present level 
to as low as $40 or $50 per barrel, I don't 
think we will see it drop to $20 again. And 

if you look at it on a decade-by-decade basis, 
the march of oil prices will be up, and gas 
prices too. 


Will prices ever get high enough to cause 
a global recession? 

Talented economists point out that oil is less 
of a major factor in world economy than it 


was 20 or 30 years ago. But it’s certainly the How much does US dependence on oil How critical is it that a carbon-pricing 
case that as the price goes up, there will be influence international diplomacy? system be put in place if the economics of 
adverse economic consequences for different | The energy-security consequences of oil energy is to be changed? 
countries, and some nations will suffer and gas are very heavily dependent on the I think the issue of a carbon-emissions 
more than most. The small importing behaviour of markets and governments. The _ price, either through a cap-and-trade 
countries in Africa and the Caribbean, they fact that we depend so much on oil from system or a tax, has a more direct 
will really suffer. the Persian Gulf — from Saudi Arabia, Iraq, importance and urgency with respect to 
Iran and Kuwait — leads to questions about climate change. Of course it also affects the 
Are we approaching a peak oil scenario? these nations’ political stability and the role transition from a petroleum-based market, 
Higher (and stable) prices open the of terrorists. The fact that Iran is supplying but those are two really quite separate 
economic window for new technologies. 2.9 million barrels of oil per day to world oil + problems. Environmental constraints 
There is no [price] threshold; it is gradual. markets certainly constrains the freedom must accompany the commercialization of 
For example, biofuels from biomass are of action that Europe and the United any new technology. For example coal- 
thought to cost $40-50 per barrel when States have on other issues of importance, to-liquid fuels should be produced only 
produced at a commercial scale; synthetic for example on how Iran is pursuing its if accompanied by carbon capture and 
liquids from shale or coal cost perhaps clandestine nuclear-weapons programme, sequestration. 
$50-70 per barrel. and on its activities in Iraq. Interview by Jeff Tollefson 
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HIGHEST CO,-EMITTING POWER PLANTS WORLDWIDE 
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carbon dioxide in terms of sheer volume. 


Million tonnes of CO, 


The city of Taichung in Taiwan is home to a power plant 
that emits more than 37 million tonnes of carbon dioxide 
into the atmosphere each year, the highest of any plant 
in the world. Australia produces more carbon dioxide 
per capita through electricity generation than any other 
nation. But the US power sector still produces the most 


These are just a few of the facts and figures available 
on anew database containing emissions and energy data 
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from more than 4,000 power companies and 50,000 
power plants around the globe. The Carbon Monitoring 
or Action website was set to be launched this week by 
he Center for Global Development, an independent 
hink-tank in Washington DC. 

With some 8,000 power plants emitting 2.5 billion 
onnes of carbon dioxide annually, the United States 
accounts for a quarter of global emissions, according to 
he site. China comes a close second at 2.4 billion tonnes, 
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although its per-capita emissions are less than a quarter 
of those of the United States. Russia comes a distant third, 
with 600 million tonnes of carbon dioxide emissions. 

The centre describes the database as a public tool that 
can be used to shed light on the power sector, and hopes 
it will “speed the shift to less carbon-intensive power 
generation”. 

Jeff Tollefson 
> www.carma.org 
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Panel negotiates climate ‘synthesis report’ 


Bathing in the still-warm glow 

of receiving the 2007 Nobel 

Peace Prize, the United Nations 
Intergovernmental Panel on Climate 
Change is meeting in Valencia, 
Spain, this week to negotiate the 
summation of its report on global 
warming. 

The IPCC has issued three 
scientific reports in the past year, 
and its fourth ‘synthesis report’ is 
scheduled for release on Saturday. 
The report aims to condense the 
three volumes — nearly 2,800 
pages — into roughly 100 pages 
for policy-makers and government 
delegates who will be gathering 
in Bali, Indonesia, next month for 
the latest round of global-warming 
treaty talks (see page 319). 

Scientists began arriving in 
Valencia last week to work out a 
consensus draft before the arrival 
of the government delegations. 


Stephen Schneider, a climatologist 
at Stanford University in California, 
says that the most-recent draft 
received 2,000 comments from 
governments. That compares to 
5,000 comments from individual 
scientists on the previous draft. 
Given that the report will contain 
no new science, the challenge will be 
to get the scientific community and 
international governments to agree, 
paragraph by paragraph, on concise 


The extent of sea-level rise from 
polar ice-melt will be hotly debated. 


language that lays out the facts 
without downplaying or overstating 
the problem at hand. 

Many have criticized the 
process as being too political. The 
conservation group WWF is already 
warning that “politically inspired 
trimming" could unnecessarily 
dilute the main body of science. 

“Some governments will propose 
emphasizing the more dangerous 
aspects of the findings. Some will 
emphasize the uncertainties,” says 
Schneider, who is one of those 
working on the final draft. “It's our 
job not to let either one of them go 
too far.” 

There will be much after-hours 
debate over what should be 
included in the summary, and what 
can be omitted. The report must 
also overcome legitimate divides 
between the three working groups, 
each of which approached the 
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science from a different perspective. 
For instance, the first working group, 
which based its forecasts on climate 
models, was necessarily cautious 
about sea-level rise, saying that sea 
levels could rise between 18 and 

59 centimetres during the twenty- 
first century. The second working 
group, however, had to look at the 
possibility that accelerated warming 
could cause sea levels to rise much 
faster than expected. 

After a year of negotiations, the 
two groups agreed to a statement 
that “risks of metres of sea-level rise 
in centuries cannot be excluded,” 
Schneider says. “That is weaker 
than working group II wants, 
stronger than working group I, but 
it's a synthesis of the reports." The 
question now, he adds, is whether 
such language will be accepted by 
the government delegations. |] 
Jeff Tollefson 
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Correction 

In the Graphic Detail in last week's News 
(Nature 450, 327; 2007), the label South Korea 
erroneously pointed to mainland China. The 
correct version of the map is shown below. 
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Supermassive black- 
hole galaxies spin out 
super-energetic particles. 


artist Eric Ehlenberger consist of 
blown-glass bodies attached to 


Light relief 


emergency-room physician, 
creates abstract and figurative 


malaria vaccine — to design a neon 
sculpture illustrating the feeding 


Luminous jellyfish sculptures fill 
an exhibition room at the Katonah 
Museum of Art in New York. The 
metre-long works by New Orleans 


three neon-filled tentacles powered 
by a12-volt d.c. adaptor plugged 
into a standard electric outlet. Each 
jellyfish sells for US$2,250. 
Ehlenberger, who is also an 


works that focus on marine life, 
including fish, dolphins and whales. 
He was recently commissioned by 
the Seattle Biomedical Research 
Institute — which is working ona 


posture of anopheline mosquitoes. 
The exhibition, called The 

Shattering Glass: New Perspectives, 

runs until 24 February 2008. 

Nick Thomas 


Brain waves reveal intensity of pain 


Recordings from electrodes in the human 
brain may offer the first objective way to meas- 
ure the intensity of pain. Researchers say that 
they have found a neural signal that correlates 
with the amount of pain that an individual 
feels. The signal could be used to refine pain- 
relief techniques that involve stimulating the 
brain with electricity, they say. 

Single cells have previously been identified 
in the human brain that are active in pain, but 
their response is binary, signalling either pain 
or no pain. Now, Morten Kringelbach of the 
psychiatry department at the University of 
Oxford, UK, and his colleagues have identi- 
fied low-frequency brain waves that emanate 
from two regions buried deep within the brain 
when a patient is in pain. The more pain that is 
experienced, the longer the waves last. 

Kringelbach’s team recorded activity from 


two electrodes positioned in the thalamus and 
the periaqueductal grey area of 12 awake people 
who had been undergoing deep-brain stimu- 
lation (DBS) for chronic pain. During the 
recording, the team touched either a painful or 
pain-free area of the patients’ 

bodies and had patients rate 

their pain every minute. The 

duration of the waves — dubbed 

“pain spindles” — correlated 

with how intensely the patients 

felt their pain. “Tt is an objective 

measure that correlates with a subjective meas- 
ure,” says Kringelbach, who presented the find- 
ings at the Society for Neuroscience meeting in 
San Diego, California, last week. 

This signal could help refine DBS for such 
patients, he says. Currently, the electrodes fire 
signals continuously, even when the patient 
doesn't need pain relief, which wears down the 
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implanted battery. “We could have a stimula- 
tor that picks up this neural signature of pain 
and only starts sending signals at that point,” 
Kringelbach says. 

“It would be great to have a ‘signature of 
pain’ says Allan Basbaum, a 
neuroscientist at the University 
of California, San Francisco. 
It is not clear from this pre- 
liminary study whether these 
spindles disappear when pain- 
killers, anaesthetics or electrical 

stimulation are used, he adds. 

The next step is to try to record the signals 
with a non-invasive technique, such as mag- 
netoencephalography, which measures electrical 
activity in the brain via changes in the magnetic 
field. This could allow pain monitoring in a 
much broader range of patients. 

Kerri Smith 
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Light wormholes could 
wire space invisibly 


A prescription for wormholes that transmit 
light invisibly between remote regions has 
been devised by a team of researchers. These 
‘electromagnetic wormholes’ are the light- 
based equivalent of space-time wormholes, 
the staples of science fiction that permit time 
travel and create short cuts across intergalactic 
space. They could one day be used in three- 
dimensional (3D) video-display units wired up 
with invisible light-carrying cables. 

In the electromagnetic wormholes described 
by Allan Greenleaf of the University of Roches- 
ter in New York state and his colleagues, light 
would disappear in one place 


who specializes in this kind of manipulation 
of light. The implication, he says, is that “you 
don't see that two parts of space are connected 
by the wormhole until you look through it” 
— rather like looking into your coffee cup and 
seeing the street outside. 

The wormholes would be made from ‘meta- 
materials, structures engineered to interact with 
light in odd ways. The building blocks of meta- 
materials — the equivalent of atoms in normal 
materials — are little electrical circuits, typically 
made from loops and coils of wire on circuit 
boards. These interact with the electromagnetic 
field of a light beam to create 


and reappear in another, con- “You don't see that unusual optical effects, such as 

veyed along channels that can- two parts of space a negative refractive index — the 

not be seen from the outside’. light is bent the ‘wrong’ way as it 
; "are connected by the 

They remain theoretical at this ; passes through. 

stage, but the technologies for wormhole until you Last year, Leonhardt and a 

making them already exist. look through it.” team led by David Smith of 


They draw on the same ideas 
and methods as those used recently to make 
invisibility shields”. Greenleaf’s team envisages 
a slew of possible applications for their worm- 
holes, in areas ranging from information tech- 
nology to biomedicine (see “What to do witha 
wormhole’). They would, for example, provide 
perfectly insulated ‘optical cables’ that totally 
shield the world outside from the electromag- 
netic field of the light within. 

“It’s a cool idea,’ says physicist Ulf Leonhardt 
at the University of St Andrews in Scotland, 


330 


Duke University in Durham, 
North Carolina, independently proposed that 
metamaterials might be used to make an invis- 
ibility shield that bends light smoothly around 
an object placed inside it’*. Smith's group sub- 
sequently made such a shield that works at 
microwave frequencies’. 

The shielding in that case wasn't perfect, and 
worked only within a flat plane and for a very 
narrow frequency range. Moreover, making 
an invisibility shield for visible light is harder, 
because the components of the metamaterial 


Trapped rainbow 


Another use for optical 
‘metamaterials’ 

is proposed by 
Tsakmakidis et al. 

on page 397. They 
show that in theory a 
metamaterial witha 
negative refractive index 
can be used to bring 
light to a standstill. Such 
‘slow’ — in this case 
stationary — light has 
been produced before in 
materials with strange 
optical properties, but 
those have generally 
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been exotic, for example, 


ultracold gases of 
metal atoms, or have 
had limitations such as 
producing only modest 
slowing or working only 
in narrow wavelength 
bands. 

But the researchers’ 
device works at room 
temperature, and uses a 
fabric that could easily 
be incorporated into 
light-based (photonic) 
logic circuits. The light, 
passing through a 


metamaterial waveguide 
of tapering thickness, 

is stopped at a position 
that depends on the 
wavelength, so that a 
many-coloured beam 
gets spread out into 

a ‘trapped rainbow’ 
(left). The effect could 
be exploited for storing 
optical information 
encoded in light pulses, 
or for introducing time 
delays into photonic 
circuits to help 
synchronize signals. P.B. 
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WHAT TODO WITH 
A WORMHOLE 


@ OPTICAL CABLES: the wormhi 
could act as a perfect optical fibre that is 
invisible from the outside — but only at 
a single wavelength, the one the tube is 
designed to carry. ee 
@ OPTICAL COMPUTERS: data- 
processing elements for conducting=*-. 
logical operations on light signals could> * 
be placed inside the wormhole, so that all 
one would see of the computer is input © 
and output sockets. oh 
@ THREE-DIMENSIONAL (3D) VIDEO 
DISPLAYS: each 3D pixel (voxel) of a 
cube-shaped space could be wired up 
witha separate wormhole, so that light 

in at the other end would appear™.” 
in the voxel, creating a 3D image with 
invisible wiring. 
@ MAGNETIC MONOPOLES: the 
existence of magnetic particles that 
have only a ‘north’ or a‘south’ pole has 
been long debated by physicists. But 
anartificial monopole could bemade 
by conducting the magnetic field lines 
of just one pole of a magnet intoa 
wormhole, so that the other end would 
act like a monopole. 
@ MAGNETIC RESONANCE IMAGING 
(MRI): a wormhole could transport the 
particles used for MRI, such as magnetic 
nanoparticles, to the imaged area 4 
without disturbing the applied magnetic # 
field, which would allow high-quality 
images to be obtained. 


Like space-time wormholes, elecromagnetic wormholes connect remote regions of space. 


have to be much smaller. 

Greenleaf and his colleagues say that such a 
shield can be regarded as ‘blowing up a point’: 
expanding an infinitely small — and thus invisible 
— point in space while ‘moulding’ the way light 
interacts with it so as to sustain the invisibility. 
Their wormholes, in contrast, are like ‘blowing up 
a line’ — in essence, rather like making a tubular 
shield. They have worked out a prescription for 
the properties a metamaterial tube would need 
to have in order for light from outside to bend 
around it while light inside bounces along the 
channel as if along an optical fibre. In this way, 
light entering one end of the wormhole would be 
visible at the other end — albeit with some odd 
distortions. If the wormhole is very short, it acts 
rather like a fisheye lens, they say. 

The researchers believe that it should be 
possible to make such devices with the same 


microwave metamaterials as those used by 
Smith’s team. But Leonhardt cautions that this 
remains “very far in the future”. Making a 3D 
invisibility shield is already a big challenge, he 
says, and a wormhole would be harder still. 

Smith is optimistic, however. “A version of 
these wormholes at microwave frequencies 
could definitely be feasible, although over a 
very narrow frequency range,’ he says. “I’m 
hoping to demonstrate lots of interesting opti- 
cal structures using metamaterials in the near 
future, and we may add this one to the list.” 
Philip Ball 
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“This is not one pig 
flying in orbit — this is 
aherd of pigs with gold 
trotters, platinum tails 
and diamond eyes.» 


Gwyneth Dunwoody, chair of Britain's 
Transport Select Committee, chooses 
astriking metaphor to promote 
Europe's planned Galileo global- 
positioning system. 


Japanese wetland 

Engineers are 

painstakingly adding 
bends to the Kushiro River in 
Hokkaido to reverse the shrinking 
of the surrounding wetlands that 
has occurred since the waterway 
was straightened in the 1980s. 


Wet building 

The Massachusetts 

Institute of Technology 
is suing architect Frank Gehry 
over its Stata Center, which it 
claims is leaking and growing 
mouldy. 


Why the Arecibo Observatory 
in Puerto Rico (pictured above) 
should not be shut down after 2011: 


It's the world’s largest radio 
telescope — 20 times more 
sensitive than any other instrument 
for keeping tabs on near-Earth 
asteroids. 


It might save scientists from 
embarrassment — this week 
they accidentally identified the 
European satellite Rosetta as an 
‘incoming asteroid’. 


NASA seems to have the money 
to bail out the observatory, which 
needs to find US$4 million per year 
after 2011 — coincidentally the 
same amount that NASA spent on 
parties this year. 


Sources: BBC, planetary.org, CBS News, 
New York Times, Associated Press 


NAIC/ARECIBO OBSERVATORY/NSF 
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New Jersey rebuffs loan to 
fund stem-cell research 


On 6 November, voters in New Jersey 
rejected a proposal to borrow $450 million 
to fund stem-cell research. The move is 
the first time a bond measure has been 
defeated by voters in the state in 17 years. 
Pre-election polling had indicated that the 
measure would win easily, which made 

the 53% to 47% loss a startling rebuke to 
supporters. 

Political observers suggest that fiscal 
concerns might have been a factor: New 
Jersey is $30 billion in debt. 

The vote came two weeks after 
construction work began on the state’s first 
stem-cell institute. The 18-storey Stem Cell 
Institute of New Jersey in New Brunswick 
is being financed by $270 million that state 
lawmakers approved in 2006. The $450 
million was to have funded research grants 
over ten years. 


Accelerator will bring 
antiproton beam online 


A €1.2-billion (US$1.7-billion) particle 
accelerator to be built in Germany has 

been given the final go-ahead. The Facility 
for Antiproton and Ion Research (FAIR) 
will investigate exotic atomic nuclei and 
examine the states of matter in the moments 
after the Big Bang. 

The 15-nation consortium behind the 
project gave it the green light on 7 November. 
Construction is scheduled to begin in late 
2008 and should be complete by 2016. 

FAIR will feature a double-ring 
synchrotron with a circumference of 1,100 
metres connected to the existing GSI facility 
in Darmstadt, Germany. It will be able to 
accelerate ions as heavy as uranium, and 
will also generate the world’s most powerful 
antiproton beam. 

Germany is picking up three-quarters of 
the price tag, the rest will be paid for by the 
partner countries, which include China, 
France, India, Italy, Russia and Britain. 


A 


The GSI's UNILAC will serve as a pre-accelerator 
for a planned double-ring synchrotron. 
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Lunar pole captured on Moon video 


Areas of the Moon's 
north polar region pop 
out in stark relief in 
this image taken by the 
Japanese lunar mission 
Kaguya (Selene). 

The Japanese 
Aerospace Exploration 
Agency and the 
Japan Broadcasting 
Corporation, both 
based in Tokyo, teamed 
up to broadcast high- 


definition television footage from Kaguya. This shot, taken on 31 October, is a still from the video of 
two short clips available at http://www.jaxa.jp/topics/2007/11_e.html. 

Taken from an elevation of 100 kilometres, it shows the landscape below the probe as it moves 
from the Oceanus Procellarum region towards the lunar north pole. 


Knowledge gaps pour cold 
water on sea fertilization 


The parties to the London Convention, 

the international treaty governing ocean 
dumping, have agreed that large-scale ocean 
‘fertilization’ is currently not justified given 
gaps in scientific knowledge. 

Adding iron, phosphate or urea can 
stimulate plankton growth in nutrient- 
poor parts of the ocean — thereby sucking 
down carbon dioxide from the atmosphere 
and potentially helping to combat 
climate change. But critics warn that the 
ecological impact is poorly understood, 
and at its meeting in London last week, the 
convention endorsed concerns issued in 
June by its scientific advisory group. 

Environmentalists last week also raised 
concerns over an Australian company’s plan 
to test its carbon-sequestration technology 
in Philippine waters. Ocean Nourishment 
Corporation (ONC) of Pyrmont, New 
South Wales, is currently in discussions with 
Philippine authorities over dumping 500 
tonnes of dissolved urea, a nitrogen-based 
fertilizer, in the Sulu Sea between Borneo 
and the Philippines. 


Patient privacy rules 
hamper US research 


US biomedical research is being hampered 
by privacy rules introduced in 2003, 
according to a survey of epidemiologists. 
More than 1,500 ‘eligible professionals’ 
took part in the survey, and 68% of them 
said that research has been made more 
difficult by the privacy rules (R. B. Ness 
J. Am. Med. Assoc. 298, 2164-2170; 2007). 
The rules are meant to ensure that medical 
records remain personal and private. But 
only 26% of the epidemiologists in the 
survey thought that the rules have enhanced 
confidentiality. 
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The survey, conducted by the Joint 
Policy Committee for the Societies 
of Epidemiology, gauged the effect of 
the Health Insurance Portability and 
Accountability Act Privacy Rule. This allows 
disclosure of patient records for research 
only if the scientist has authorization from 
the patient or has been granted a waiver by 
an institutional review board. 


Cap on overheads may put 
universities off defence 


The US Congress has set a limit on overhead 
expenses for research done at universities on 
behalf of the Department of Defense. 

The provision, approved in a final version 
of the defence-spending bill on 8 November, 
says that no more than 35% of research 
funding can be spent on costs such as 
maintenance and utilities. The bill now goes 
to President Bush to be signed into law. 

“It’s going to be a disincentive for the 
nation’s best universities to conduct defence 
research,’ says Barry Toiv, a spokesman for 
the Association of American Universities in 
Washington DC. After the Department of 
Agriculture set a similar cap, he notes, fewer 
universities applied for government grants. 

Currently, overhead expense rates are 
negotiated individually with the university 
department — the average is 34%, according 
to the latest survey from the Council on 
Governmental Relations. 


Correction 

The photo that accompanied our News In Brief 
story ‘Argo systems makes a splash with final 
float’ (Nature 450, 148; 2007) should have been 
captioned as being a demonstration deployment, 
not the actual 3,000th float, and credited to 

Alan Blacklock, National Institute of Water 

and Atmospheric Research, New Zealand. In 
addition, the Argo data are accessible to all 
nations — not just the ones that participate in the 
project, which will continue to deploy additional 
floats over time to maintain the array. 
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Political climate 


American legislators are getting started on the first laws to tackle greenhouse-gas emissions. 
But Congress has a long way to go, says David Goldston. 


s the US Congress ready to take action to 
limit global climate change? No. But a look 
at two key bills shows how much progress 
has been made since this time last year — and 
how many hurdles remain. 

The legislation getting the most attention is 
a bill to mandate reductions in greenhouse- 
gas emissions, introduced by senators Joseph 
Lieberman (Independent, Connecticut) and 
John Warner (Republican, Virginia). They 
describe the measure as reducing emissions 
to as much as 10% below 2005 levels by 2020, 
and 63% by 2050. 

On 1 November, a Senate subcommittee 
that Lieberman chairs approved the bill — just 
the first step in a tortuous legislative process, 
but the first time that any congressional panel 
has approved a measure that would require 
cuts in greenhouse-gas emissions. Moreover, 
the bill has gained support from middle-of- 
the-road members of both parties who have 
stayed away from previous climate measures, 
and a key swing senator from a coal state, Max 
Baucus (Democrat, Montana), voted for it in 
subcommittee. 

That’s a big difference from last year, when 
Lieberman backed a somewhat weaker bill he 
had introduced with John McCain (Republi- 
can, Arizona). With the Republicans in control 
back then, climate bills were not scheduled for 
committee votes — and they would not have 
passed in any event. But the Lieberman- 
Warner bill is not exactly sailing through Con- 
gress now; it squeezed by with a 4—3 vote in 
the panel most worried about climate change. 
Of even greater concern, the bill faced opposi- 
tion not only from conservative Republicans, 
but also from the most liberal member of the 
panel, Bernie Sanders (Independent, Ver- 
mont). Echoing several environmental groups, 
Sanders argues that all emission credits in a 
cap-and-trade system should be auctioned 
off, whereas the bill provides some credits to 
corporations for free. 

In one sense, the attacks from the left are a 
good sign. Proponents of action used to be happy 
to see almost any measure that acknowledged 
the need to cut emissions; nothing was going 
to pass anyway, so just getting officials on-the- 
record could be counted as progress. But now 
the details matter, and Lieberman and Warner 
are going to have to negotiate with both the right 
and the left. From the centre, they will also have 
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to contend with a more restrained alternative 
offered by senators Jeff Bingaman (Democrat, 
New Mexico) and Arlen Specter (Republican, 
Pennsylvania). Cobbling together the votes for 
Senate passage has to be seen asa long-shot goal 
that is not likely to be met in this Congress. 

If a bill ever did pass the Senate, it would 
probably face even greater obstacles in the 
House of Representatives, a more ideological 
body with a keener tendency to protect local 
economic interests. House Speaker Nancy 
Pelosi (Democrat, California) surprised every- 
one earlier this year by announcing that climate 
legislation would be a priority in the House and 
by setting up anew committee on the issue. But 
since then, climate bills seem to have slipped 
gradually from the House agenda, replaced, in 
part, bya related energy measure. 

Different versions of the energy bill passed 
the House and Senate this summer, and both 
are largely a hodge-podge of less controversial 
ideas. But each version included at least one 
lightning rod — in the Senate, tighter mileage 
standards for cars, and in the House, renewable- 
energy requirements for utilities. If the House 
and Senate can'tagree on those two items — and 
negotiations have been moving slowly — then 
it’s hard to imagine action on a comprehen- 
sive climate measure, which would necessarily 
include much more controversial provisions. 
Indeed, some environmental groups view the 
bill as an unwelcome distraction, eating up the 
time of officials and staff who could be working 
on broader legislation. Worse still, they fear that 
if the energy bill passes, the transport and utility 
industries will claim that they already have been 
forced to make sacrifices and should therefore 
be treated gingerly in a larger climate bill. 
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‘If’ is a key word; the energy negotiations 
are clearly no cakewalk. The Senate approved 
the tougher mileage standards without a roll- 
call vote — in which all senators go on-the- 
record with their stance — so it’s not clear how 
much latent opposition to the idea remains 
in the Senate, which had always defeated the 
standards by a sizeable margin in the past. The 
House, which has also defeated mileage stand- 
ards in past years, didn’t even take up the issue 
because its Democratic leadership asked pro- 
ponents to hold off. Either the leadership didn't 
want the House on record defeating the stand- 
ards, or it didn’t want to put Democrats in the 
uncomfortable position of choosing between 
their environmental backers and their labour 
backers, who generally oppose the standards. 
Either explanation signals rough sledding for 
the proposal. The future of the utility provision 
is equally problematic. 

Many observers think that an energy bill will 
finally emerge, in part because Pelosi has so 
vocally promised to produce one. The political 
fall-out from such a bill could be one factor that 
determines how much stomach Congress has 
for a fight over a measure that targets climate 
change. If Democrats are rewarded by the pub- 
lic and the media for taking long-debated steps 
to reduce fossil-fuel consumption, then that 
may encourage more high-profile action on 
the climate. It might also make the issue a more 
central part of the US presidential campaign. 

But high-profile action is not necessarily 
speedy action. Complicated and controversial 
legislation usually takes several Congresses to 
pass. The first clean-air law was enacted in 1955, 
but no measure that had any real impact passed 
until the 1970s, and a real crackdown on many 
pollutants didn’t begin until the 1990 version 
of the Clean Air Act. Partly, this is because no 
one can foresee all the intellectual and political 
issues that a bill raises until the detailed writing 
of it begins — and sometimes problems cant be 
foreseen until it is implemented. Congress has 
wasted years on an ideological debate on the 
reality of climate change; now at least it’s getting 
down to the nitty-gritty. The biggest hurdle of 
all facing climate change legislation may be the 
steepness of the learning curve; Congress wont 
be able to make up all that lost time. a 
David Goldston is a visiting lecturer at 
Princeton University’s Woodrow Wilson 
School of Public and International Affairs. 
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Worth its weight in platinum 


Booming mineral prices leave car makers scrambling to eke more catalytic performance 
out of precious metals. Jeff Tollefson reports. 


overs may adore platinum’s silvery sheen 

in their favourite jewellery — but at least 

they can switch to gold or silver if the price 
isn't right. Chemical engineers wish they had 
the same option. 

Thanks to their role in catalytic converters, 
platinum, palladium and rhodium have all 
become crucial bulwarks in the fight against 
air pollution. Platinum and palladium can 
catalyse reactions that convert hydrocarbons 
and carbon monoxide into carbon dioxide and 
water vapour. Rhodium catalyses another reac- 
tion, converting nitrogen oxides into nitrogen 
and oxygen. These reactions are at the heart of 
the three-way catalytic converters now fitted 
on almost all cars in the developed world and 
on an increasing share of those in India, China 
and elsewhere. 

Although materials such as gold and nickel 
can perform similar tricks at lower tempera- 
tures, only these platinum-group metals can do 
the job at the high pressures and temperatures of 
900°C or more that are found in vehicle exhaust 
systems. With demand from the global automo- 
bile industry pushing prices ever higher and no 
alternative catalysts on the immediate horizon, 
car manufacturers are now locked in a race to 
make each ingot go thata little bit further. 

“From a scientific standpoint, the three- 
way catalytic converter is really a done deal. 
It's now an engineering feat to bring the vol- 
ume of metals down,” says Johannes Schwank, 
a chemical engineer at the University of Michi- 
gan in Ann Arbor. 

Chemical engineers are working on the 
problem at the molecular level, trying to make 
the catalyst layers even thinner and diluting 
them with cheaper alloys. Equally important 
is the design of the underlying structure to 
which the catalysts are applied — although the 
location of the catalytic converter and engine 
design can also play parts. The competition is 
taking place largely beyond the academic eye 
in industrial labs around the world. 

Catalytic converters were first put into use in 
the 1970s after the world’s first regulations on car 
emissions came into effect in California. Auto- 
mobile firms in the United States developed the 
technology based on advances in surface chem- 
istry made during the previous decade. 

General Motors, Ford and Chrysler were 
all involved in the development of the cata- 
lytic converter, which Schwank regards as one 
of the greatest achievements in the history 
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Catalytic-converter production in Shanghai: 
global demand for the units is surging. 
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of chemical engineering. He compares the 
hydrocarbon, carbon monoxide and nitrogen 
oxide molecules in the converters to helicop- 
ters trying to land on the roof ofa hospital; the 
electrochemical properties of platinum, palla- 
dium and rhodium provide an ideal landing 
pad. Other elements might not allow them 
to land at all, or might “hold them hostage” 
after their arrival, he says. “The strength of the 
bonds is just about right to carry out the reac- 
tions, but not so strong that the reaction agents 
wont have a chance to leave.” 

At first, car makers relied on platinum for 
this function, but eventually switched to its sis- 
ter metal, palladium, at one-third of the price. 
When palladium prices spiked in 2000, they 
went back to platinum, but the cycle has now 
repeated itself: Platinum prices are approaching 
US$1,500 per troy ounce (this historic measure 
of precious metals is the equivalent of about 
31 grams); palladium costs less than $400. 

The recent march of car makers back to pal- 
ladium has helped to moderate the price of 
platinum, as has slower demand from jewel- 
lers, according to Johnson Matthey, a leading 
catalyst-making firm based in London. How- 
ever, platinum performs better than palladium 
in diesel exhaust systems. 

Global platinum supplies stood at more than 
7.6 million troy ounces in 2006, 66% of which 
was used in autocatalysts, according to John- 
son Matthey. Those figures include the recov- 
ery of 855,000 troy ounces of platinum from 
recycled autocatalysts, which provided 11% of 
overall global demand. South Africa supplied 
78% of the world’s new platinum in 2006 and 
is home to the only mines in which platinum 
is a primary product. For the decade ending in 
2006, platinum production increased by more 
than one-third — but demand for autocatalysts 
more than doubled. 

Platinum and palladium can play off each 
other, but manufacturers have to pay whatever 
the market demands for rhodium, for which 
there is no alternative. Posted at around $6,500 
per troy ounce — almost eight times the price 
of gold — rhodium is one of the most expen- 
sive elements on Earth. A staggering 87% of the 
world supply goes into autocatalysts. 

Jeremy Coombes, an analyst for Johnson 
Matthey, says that the amounts of the metals 
used in each catalyst depend on the size of the 
car, the kind of fuel being used and the local air 
regulations, and can range from 1-2 grams for 
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a small car ina lightly regulated environment 
to 12-15 grams for a big truck in the United 
States. That translates to anywhere from $25 
to a few hundred dollars per vehicle, he says: 
a significant amount for the likes of Toyota, 
which sold 2.5 million vehicles last year. 

Autocatalysts often use honeycomb-like struc- 
tures to create vast surface areas — equivalent to 
perhaps a couple of football pitches in each con- 
verter — in which reactions can take place. The 
catalysts are layered as thinly as possible, often 
by dipping a ceramic structure into a solution of 
the metal. The gradual agglomeration of metal 
particles under intense heat, eventually reducing 
the surface area and catalyst efficiency, is one of 
catalyst designers’ main challenges. 

Nissan announced in August that it has 
deployed a new fabrication method that uses 
nanotechnology to reduce agglomeration. 
The company claimed the technique would 
halve the use of precious metals in its catalytic 
converters. Mazda said last month that it can 
now embed nanoparticles made of platinum- 
group metals into ceramic spheres, cutting use 
“by 70-90% with the same level of purifying 
efficiency”. But no public data are available to 
verify these claims. 

Although few see prospects for replacing 


“There is simply platinum-group metals 


in catalytic converters, 
not enoug h researchers are search- 
platinum and ing hard for alternatives 
rhodium.” in applications that use 


low-temperature cataly- 
sis. Designers of fuel cells, which catalyse hydro- 
gen and oxygen to produce electricity and water 
vapour, are eagerly seeking cheaper alternatives 
to platinum. And Schwank says that nickel has 
shown promise as a catalyst for onboard fuel 
reforming, a technique for generating hydrogen 
from fossil fuels for use in fuel cells. 

And although advances in catalyst design are 
likely to further reduce the amount of platinum, 
palladium or rhodium needed in each vehicle, 
those gains might not be enough. Global auto- 
mobile production has risen from 56 million 
vehicles in 2000 to more than 66 million last 
year and it shows no signs of slowing, accord- 
ing to the consulting firm Global Insight in 
Waltham, Massachusetts. 

“There is simply not enough platinum and 
rhodium going round on this planet to satisfy 
the collective demand of automotive emis- 
sion-control systems and all of these other 
areas,’ Schwank says. Supply is sure to follow 
demand upwards in years to come, but few 
analysts expect it to get out in front, and pull 
prices down. That will leave new technologies 
that need the platinum-group metals, such as 
fuel cells, paying a heavy price for autocatalysts’ 
insatiable appetite for them. = 


IN BRIEF 


PULLBACK FROM PROTEINS Genomics company Celera in Rockville, Maryland, has 
confirmed that it has laid off as many as half of its 50-odd proteomics researchers over 

the past six months. “The business is shifting from discovery into development, and that's 
throughout the organization,” says David Shipley, a spokesman for the company, who 
declined to specify the exact number of departures. He added that the cuts at the company, 
which employs 540 people, were confined to proteomics. The announcement came as 
Celera reported its first-ever profitable quarter, and on the heels of its October acquisitions 
of two firms in the San Francisco Bay area — Berkeley HeartLab and Atria Genetics. 


TAG TEAM Ford and Daimler joined forces to buy the automotive fuel-cell division of 
Ballard Power Systems of British Columbia, Canada, in a deal worth $228 million. Ballard 
is one of the leading developers of fuel cells, which burn hydrogen and remain a long 

way from commercialization: some analysts estimate that costs need to come downa 
hundred-fold to make them competitive with internal-combustion engines. But the move 
by the two big rival car companies was seen by motor-industry analysts as a significant 
step toward the eventual adaptation of fuel cells into the mainstream motor industry. 


FLU DRUG FALL Chugai, the Japanese distributor of Tamiflu, has said that it will halve 
the amount of the drug it is preparing to sell this winter in response to the precipitous 
drop in demand, brought about by reports earlier this year associating it with teenage 
suicide (see Nature 446, 358-359 and 481; 2007). In March, the government issued 

a safety warning against prescribing the drug for teenagers. The fall is a serious blow 
to Tokyo-based Chugai and to Roche, its parent company based in Basel, Switzerland, 
which makes the drug. Japan has in the past accounted for up to 70% of Tamiflu’'s 


global sales. 
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EUROPEAN CARBON INDEX 
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September 


The price of carbon allowances for the 
European Union's emissions-trading 
scheme for 2008 to 2012 increased 
moderately in late summer and early 
autumn, but has dropped slightly since 
mid-October. The trend is being driven, 
analysts say, by rising prices for oil and 
natural gas, which makes it profitable 
for energy utilities to switch to coal, 
which is cheaper but more carbon 
dioxide-intensive. 

A ‘carbon credit’ to emit one extra 
tonne of CO, during 2008, for example, 
last week cost €22 (US$32) at the 
European Energy Exchange in Leipzig, 


Germany — up from €18 in late-August. 


Price volatility for the allowances is 
likely to become more pronounced in 
the winter, market watchers say, when 
trade volumes at Europe's five carbon 
exchanges tend to peak. And some of 
them expect the price to rise further. 


October 


“A price of €25-30 is not unrealistic in 
the near future,” says Stefan Kleeberg, 
a carbon-market analyst with the 3C 
Group near Frankfurt, Germany. 

Prices on the carbon-credit market 
could also rise as a result of delays in 
the certification of clean-development 
projects in poorer nations, says 
Kleeberg. Shares in the leading British 
carbon-trading specialist EcoSecurities 
slumped by almost half last week after 
the company announced that some 
30 million tonnes of carbon credits that 
had been anticipated by 2012 would 
probably not materialize. 

The price trend comes against a 
backdrop of continued growth in global 
carbon emissions, according to the 
International Energy Agency's latest 
World Energy Outlook, released on 
7 November. | 
Quirin Schiermeier 
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Climate is shaping up as an issue in the 24 November Australian elections, as Stephen Pincock reports. 


ny campaign veteran will tell you 

that voters are fickle, switching 

from candidate to candidate and 

issue to issue as the whim takes 
them. But in Australia, voters may have 
changed their minds once and for all on the 
issue of climate change. In mid-2006, some- 
thing seemed to shift climate from an ‘issue 
of concern’ to the top of the list of people’s 
most serious considerations. 

Frank Muller, an expert on sustainability 
policy at the University of New South Wales 
in Sydney, recalls that the change took place 
while he was on a four-month visit to America 
last year. “I went to the United States in June 
and was back in October, and in that period, 
this big switch had taken place,” he says. Others 
pinpoint it even more precisely. “I think in 
about September of last year there was a glo- 
bal shift in awareness of this issue,” says Tim 
Flannery, a zoologist at Macquarie University 
in Sydney who won this year’s Australian of the 
Year award for his climate activism. 

Blame any number of factors for the switch: 
Al Gore's visit to Australia in September 2006 
(and Prime Minister John Howard’s refusal to 
meet with him); the October 2006 release of 
Nicholas Stern’s review of the economics of 
climate change, which estimated vast costs 
if global warming is not stemmed soon; and, 
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looming over all, the drought that is plaguing 
Australia, by some measures the worst ina cen- 
tury or more. 

The timing could not be worse for Howard 
(pictured above), the Liberal prime minis- 
ter who has led Australia for 11 years and is 
behind in opinion polls in his quest for a fifth 
term in office. On 24 November, Howard will 
face his Labor opponent, Kevin 
Rudd, in a federal election to 
determine who will form the 
next national government. 

And climate is shaping up as 

a major election issue. One of 

Howard's defining foreign-pol- 

icy stances has been his refusal 

to ratify the Kyoto Protocol to 

control greenhouse-gas emis- 

sions; Rudd has vowed to ratify it immediately 
if elected. 

As the election date draws closer, both par- 
ties have released a slew of climate-related 
policies and promises in an effort to woo vot- 
ers. They range from Rudd’s Aus$200-million 
(US$185-million) plan to save the Great Barrier 
Reef, to Howard's vow to ratify an international 
agreement to replace Kyoto after it expires in 
2012 — that is, as long as the agreement applies 
to major emitters such as China and India. 

What happens in Australia’s election could 
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shape the international dynamics on climate 
change for years to come. A week afterwards, 
representatives will gather in neighbouring 
Bali to start thrashing out details of a post- 
Kyoto strategy for limiting emissions (see 
page 319). A change in Australian leadership 
could bolster morale, if not much else, among 
the delegates. And with a presidential election 
due the following November 
in the United States (see page 
340), some envisage a not- 
so-distant future in which 
the leaders of the two major 
countries that did not ratify 
Kyoto are instead in favour 
of mandatory reductions in 
greenhouse gases. 

For Australians, the poten- 
tial consequences of climate change have been 
driven home by the country’s water crisis. The 
five-year drought, often described as the worst 
in living memory, has left rural communities in 
the southeast of the country reeling and many 
urban areas with severe water shortages. Aver- 
age annual inflows into Sydney’s dams for the 
period 1991-2006, for instance, were 71% less 
than for 1948-1990. 

The drought is hitting home in many parts 
of the country, says Mike Young, professor 
of water economics and management at the 
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University of Adelaide. “People are looking 
at water shortages,” he says, “and farmers are 
finding that their water entitlements have been 
dramatically debased.” Young says that in their 
minds, Australians are linking the drought to 
the longer-term issue of climate change. 

Opinion polls bear that out. In August, a 
poll conducted by the Lowy Institute for Inter- 
national Policy, a Sydney-based think-tank, 
suggested that climate change ranks ahead of 
nuclear weapons, Islamic fundamentalism and 
international terrorism as the external threat 
most Australians are concerned about. And 
earlier this month, the Climate Institute in 
Sydney commissioned a poll of 877 voters in 
9 key marginal electorates. It found that 73% 
of voters thought climate change would have 
either a strong or a very strong influence on 
their vote at the election, an increase from 62% 
in August. 


All change 
Howard’s anti-Kyoto stance did not prevent 
him from being re-elected in 1998, 2001 
and 2004. But that may be about to change. 
Although Australians aren't likely to cast their 
vote solely on the basis of climate-change 
policies, the divergent positions of Howard 
and Rudd are becoming a major force in the 
current election campaign, says veteran poll- 
ster David Briggs from Galaxy Research in 
Sydney. 

“Tt is one of those areas where Rudd has been 
able to extract some point of difference, says 
Briggs. “It does make a contribution to the per- 
ception that Rudd is the man of the future, and 
that he has a vision for the future that includes 
proper environmental planning, whereas John 
Howard is a man of the past.” 

For much of his time in office, Howard has 
questioned the scientific basis of anthropo- 
genic climate change, says Peter van Onselen, 
a political scientist at Edith Cowan University 
in Perth and co-author of a biography on the 
prime minister. “He was comfort- 
ably within the category of being a 
climate-change sceptic,” van Onse- 
len says. “He felt that the science 
on it, at least what was presented 
to him, went both ways as to the 
significance of it or not.” 

Guy Pearse, a former speech- 
writer for Robert Hill, one of 
Howard's previous environment 
ministers, argues that the prime 
minister’s perspective was heavily 
influenced by Australia’s mining 
and energy sectors. Pearse’s book 
High & Dry details, on the basis of 
interviews with key players in the 
country’s greenhouse-gas policies, 
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Kevin Rudd wants to ratify the Kyoto Protocol. 


what he calls the ‘greenhouse mafia. According 
to Pearse, lobbyists and advisers from industry 
groups sold Howard the idea that Australia’s 
economy rests on the supply of cheap fos- 
sil fuels. Their message, he says, was simple: 
“When it all boils down, it’s about avoiding 
cuts in Australia’s emissions for as long as pos- 
sible, delaying as long as possible.’ 

But even within Howard’s cabinet, there has 
been dissent on the subject of climate. In late 
October, the Australian Financial Review broke 
a story that Howard’s environment minister, 
Malcolm Turnbull, had six weeks earlier failed 
in his attempt to convince the cabinet to ratify 
the Kyoto agreement. Howard has not denied 
the charge, and Turnbull has not spoken pub- 
licly about it. 

Analysts agree that Howard tends to view 
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Water restrictions have brought the issue of climate change to the fore. 
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the issue of climate change through the prism 
of economics. Like US President George W. 
Bush, Howard has long said that he thinks 
mandatory emissions reductions could hurt his 
country’s economic growth, and that exclud- 
ing developing countries such as China from 
the agreement would hurt Australia competi- 
tively. This came to the forefront in 2002, when 
Howard decided not to ratify the Kyoto Proto- 
col, despite having signed it. 


Clean green 

In place of mandatory emissions reductions, 
Howard opted for several clean-energy initia- 
tives. In June 2004, for instance, his Liberal— 
National coalition government announced a 
new policy called Securing Australia’s Energy 
Future. It includes a Aus$500-million fund to 
encourage the energy sector to develop lower- 
emission technologies, and Aus$75 million 
targeted at solar-energy projects. Four months 
later, Howard was re-elected. 

Environmental groups have criticized 
Howard’s continuing focus on fossil fuels. 
According to the Australian Bureau of Agri- 
cultural and Resource Economics, in 2004-05, 
93% of the country’s electricity was generated 
from fossil fuels (coal, oil and gas), and 7% 
from renewables such as hydroelectricity, wind, 
biomass and biogas. That could have some- 
thing to do with the nation’s 73-billion-tonne 
coal deposits, found mostly in New South 
Wales and Queensland. Coal also forms the 
backbone ofa robust trade with nearby China. 
“Whatever may be the merits of renewables,” 
Howard told ABC radio in 2004, “the reality 
is that the older fuels of which we have large 
supplies are going to contribute the bulk of our 
energy needs and what we have to do is to make 
them cleaner.” Hence his government's focus 
on emphasizing clean-coal technologies, such 
as carbon capture and sequestration, and on 
nuclear power as an alternative low-emission 
energy source in the future. 

The Howard government has 
made several major, if criticized, 
initiatives in the field of climate. 
In 2005, Howard took Australia 
into the Asia-Pacific Partnership 
on Clean Development and Cli- 
mate, a non-binding partnership 
established with China, India, 
Japan, South Korea and the United 
States to foster cooperation on 
climate-change action. Australia 
pledged Aus$100 million to the 
group over five years, from which 
it has so far allocated Aus$60 mil- 
lion to 44 projects. These include 
deployment of high-efficiency 
solar-power stations, improved 
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Australia's wealth of coal has made developing alternative energy sources a relatively low priority. 


efficiency standards for appliances and a 
mobile system that can test carbon capture at 
coal-fired power stations. 

In June 2007, Howard announced that the 
government would introduce a cap-and-trade 
emissions-trading scheme, which observers 
consider his most significant backflip on 
climate-change policy in the lead-up to the 
election. 

And in September, Howard placed climate 
change on the agenda for a meeting of the 
Asia-Pacific Economic Cooperation (APEC) 
forum, which includes the United States, 
China, Russia and Japan. Without setting any 
hard targets, the APEC leaders signed up to a 
statement, which said they agreed “to work to 
achieve a common understanding on a long- 
term aspirational global emissions reduction 
goal to pave the way for an effective post-2012 
international arrangement”. 


Conservative approach 

The question for many observers is whether 
such actions will be enough to make a differ- 
ence. In the run-up to the elections, Australian 
climate scientists are cautious about seeming 
overly partisan, and even the outspoken Flan- 
nery is reticent about openly criticizing any 
political party. But if pressed, he notes that 
Howard's climate announcements lack teeth. 
“If you add up all of those policies, all of the 
pronouncements,’ he says, “they make no dif- 
ference in terms of emissions.” 

In 2005, greenhouse-gas emissions in 
Australia reached 559 million tonnes of car- 
bon dioxide equivalent, which is 2% higher 
than 1990 levels. Government figures show 
that per capita emissions fell between 1990 
and 2005, from 32.3 to 27.6 tonnes of carbon 
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dioxide equivalent — but they remain the 
second highest in the developed world, after 
Luxembourg. 

Dave Griggs, a climate scientist at Monash 
University in Melbourne and former head of 
the science working group secretariat of the 
Intergovernmental Panel on Climate Change 
(IPCC), argues that Australia’s position in the 
ranks is not acceptable. “The IPCC fourth 
assessment report is very clear that we need 
to mitigate greenhouse-gas emissions by a 
very large fraction,” he says. “I dort see that 
the policies that have been put in place to 
date have been aiming to get an Australian 
economy in which emissions 
have gone down to a level that 
is probably required globally. 

Have current policies put us on 
the right track? The answer is 
clearly no?” 

Climate is, of course, just 
one issue facing voters in the 
upcoming elections; the Howard 
and Rudd campaigns have also 
included ongoing concerns such as the econ- 
omy, health care and taxation. For some, the 
prominence of climate echoes previous elec- 
tions in which environmental issues played 
a role. In 1983 for example, a controversial 
proposal to dam a Tasmanian river helped to 
bring down the government of Malcolm Fra- 
ser. In the upcoming election, “the difference 
between the major parties over whether or 
not to ratify the Kyoto Protocol is as sharp as 
the difference in 1983 over the Franklin dam’, 
says Muller. 

Before the election was called, for example, 
the Howard government committed to ensur- 
ing that about 15% of Australia’s electricity 
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would come from low-emission sources by 
2020. It also launched a taxpayer-funded 
advertising campaign, featuring television 
commercials that focused on simple things 
families could do to reduce their greenhouse 
footprint, such as drying clothes on a wash- 
ing line or switching to compact fluorescent 
lights (incandescent bulbs are being phased out 
entirely across the country). 


Power and the passion 

Both parties have also opted for charismatic, 
high-profile figures as their environment rep- 
resentatives. In the case of the Labor party, 
the candidate is Peter Garrett, who was the 
front man for the rock group Midnight Oil 
and former president of the advocacy group 
Australian Conservation Foundation in Mel- 
bourne. The government's choice for environ- 
ment minister is Turnbull, the minister who 
reportedly argued for ratifying Kyoto. 

Howard and Rudd themselves have focused 
on climate change at key moments. During the 
only televised debate between them in the cam- 
paign, on 21 October, Howard chose climate 
change for one of two new policy announce- 
ments (the other being on troops in Iraq). He 
vowed to establish a fund to pay for devel- 
opment of clean energy and to compensate 
low-income earners for hikes in power costs, 
funded by the revenue raised by auctioning 
emissions permits. 

For his part, Rudd made a point of reminding 
voters that his party had set a concrete target for 
a 60% reduction in emissions from 2000 levels 
by 2050. The Labor party has, however, refused 

to commit to a target for 2020 
until after it receives an economic 
report it commissioned on cli- 
mate change from Ross Garnaut 
from the Australian National 
University in Canberra. 

Last month, the Austral- 
ian Conservation Foundation 
released an election scorecard 
designed to compare the parties 

on their approaches to climate change, sustain- 
ability and the environment. With four weeks 
to go, both parties scored poorly: Labor at 56%; 
Howard's coalition just 21%. 

All this leads some commentators to 
despair about whether the election can truly 
turn around the major climate issues facing 
Australia. “We love to romanticize about a 
sunburnt country,’ says Pearse, referring to 
the well-loved Australian poem My Country. 
“But people need to start realizing that what 
were talking about is a country burnt beyond 
recognition in our lifetimes — and unless we 
start acting, that’s what we're going to cop.” 
Stephen Pincock is a writer based in Sydney. 


Beyond Bush 
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Rudy Giuliani and Hillary Clinton could bring 
very different approaches to addressing 
climate change if elected president. 


The next US president could lead the country into meaningful action on controlling greenhouse- 
gas emissions, but only if he, or she, can seize the moment. Jeff Tollefson reports. 


tis 20 January 2009, and the new US presi- 

dent has just been sworn into the Oval 

Office. Environmentalists are optimistic. 

Scientists, activists and politicians around 
the globe have their fingers crossed. For the 
first time in eight years, the United States is led 
by a politician who advocates quick and force- 
ful action on global warming. 

The question on everybody's mind is what 
comes next. It doesn’t take much to prepare a 
policy paper and offer campaign sound bites 
about the dangers of glo- 
bal warming. It’s also easy 
to grandstand one’s green 
credentials once in office 
— perhaps by requiring 
Cabinet members to offset 
their carbon footprints or 
by departing the inaugura- 
tion in a hybrid vehicle (although the armour- 
plating might well hamper its gas mileage). 
But it is a lot harder to bind the world’s leading 
economy to a meaningful regulatory regime 
for greenhouse-gas emissions. 

“We are talking about the largest environ- 
mental policy we have ever implemented, 
in terms of economic costs and economic 
benefits,” says Joe Aldy, a fellow at Resources 
for the Future, a non-partisan think-tank 
in Washington DC. “When you talk about 
policies of that stature, you have to have 
executive leadership” 

So what can the new president actually 
accomplish in those first days? The most 
immediate changes could be seen in the fed- 
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eral budget — in which billions of dollars are 
in play in research money for energy and global 
warming — or in new regulations controlling 
energy efficiency or carbon-dioxide emissions. 
Over the course of a presidency, though, the 
measure of true action would come in shep- 
herding climate legislation through the halls of 
Congress, while leading the world in develop- 
ing a successor to the Kyoto Protocol to control 
greenhouse gases. 

On the domestic front, the Supreme Court 
set the stage for at least 
some new regulations in 
April, when it ruled that 
the Environmental Protec- 
tion Agency (EPA) has the 
authority to regulate car- 
bon dioxide from vehicles 
(see Nature 446, 589; 2007). 

Regulating the gas would represent an old- 
school approach to environmental issues that 
forces every business to meet the same stand- 
ards. This system has fallen out of favour with 
the advent of cap-and-trade systems in which 
businesses barter among themselves for the 
cheapest way to meet an overall mandate, but 
a president could use the threat of regulation 
to force action on meaningful cap-and-trade 
legislation in Congress. “It’s really important to 
recognize, says Aldy, “that the alternative to a 
new climate bill coming out of Congress is not 
no carbon regulation, which is the status quo, 
but very costly carbon regulation” 

A new president could even interpret the 

Supreme Court ruling to include carbon-dioxide 
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emissions from power plants. “If you had 
decent regulatory standards for vehicles, fuels 
and power plants, you will have dealt with 
60% of US emissions,’ says David Doniger, cli- 
mate-policy director for the Natural Resources 
Defense Council, an environmental group 
based in New York. 


Capitol support 

The next administration is likely to face a Con- 
gress in which both houses support some sort 
of action on global warming. Several major 
emissions-reduction bills have already been 
introduced (see pages 333 and 342), but most 
experts expect the debate to extend well into 
the next administration. And while congres- 
sional leaders set the legislative agenda, the 
president can set the tone on whether the 
executive branch will back up any particular 
action. The White House can, for instance, 
tap a team of experts to meet with industry 
and activist groups, shuffle proposals to and 
from Capitol Hill, and otherwise ensure that 
the issue receives the sustained attention nec- 
essary to iron out an agreement. 

When a president is willing, practical politics 
can sometimes follow swiftly. On coming into 
office in 1989, for example, President George 
H. W. Bush made action on acid rain a priority. 
Top presidential advisers on domestic policy, 
the environment and economics began work- 
ing on the issue, says Jeff Holmstead, who 
joined the team in 1989 and went on to head 
the air and radiation division at the EPA under 
the current administration. “For them it was 
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essentially a full-time job,” he says. “These were 
the senior-most people in the White House 
who would meet about this every day.” As a 
result, legislation that had floundered in Con- 
gress for nearly a decade took off, and amend- 
ments to the Clean Air Act passed the following 
year, establishing a cap-and-trade programme 
for sulphur dioxide that would later serve as a 
model for the Kyoto Protocol. 

A president could also take advantage of 
manpower and expertise that Congress lacks. In 
this case, that means marshalling career experts 
at agencies such as the EPA and the Department 
of Energy to tackle global warming. Currently 
in climate legislation, says Doniger, “you have 
literally a handful of staff on the Hill trying to 
put the whole thing together, and there are a lot 
of experts in the agencies who are being held 
back. If you are trying to build a skyscraper and 
you are trying to learn welding at the same time, 
it's more difficult than if you have all the welders 
there with you’. 


Bureaucratic challenges 

Another immediate move that a new president 
could make would be to restructure the gov- 
ernment'’s $1.7-billion Climate Change Science 
Program, which coordinates climate research 
among 13 agencies. A recent National Acade- 
mies report criticized the red tape ensnaring the 
programme, which reports to multiple organi- 
zations within the White House. “This is such 
a huge challenge that you can't have it mired in 
bureaucracy,’ says Eileen Claussen, president 
of the Pew Center on Global Climate Change 
in Arlington, Virginia. “You have to have direct 
links into the decision makers, and that means 
the cabinet level and the White House.” 

The administration could also make it eas- 
ier for individual states to pursue their own 
programmes. The administration of George 
W. Bush has so far refused to rule on a peti- 
tion from California that seeks permission 
to regulate carbon-dioxide emissions from 
automobiles. Even if Bush decides to deny that 
petition in favour of the federal regulations he 


is expected to issue next year, a new president 
might be able to revisit that. 

Getting the domestic agenda in order is just 
the first major step for a new president. The 
next would be coordinating that with a major 
international change in agenda, which is some- 
thing only a president can do. “You've got to 
work on parallel tracks,” says Dan Esty, direc- 
tor of the Yale Center for Environmental Law 
and Policy in New Haven, Con- 
necticut. “You don't bring a bill 
to Congress until you've got an 
international treaty tied down, 
but you don’t go to the interna- 
tional community without a 
series of domestic packages.” 

President Bush has alienated 
much of the world by refusing to endorse any 
mandatory greenhouse-gas reductions, but 
the new administration will be in a position to 
assume a leadership role as the international 
community works toward a post-Kyoto agree- 
ment. “All the president has to do is essentially 
get on the phone to the European Union, the 
G8 countries, the other major economies and 
developing nations, and begin talking,” says 
Robert Stavins, an economist at Harvard Uni- 
versity in Cambridge, Massachusetts. 

Some experts believe the new president 
might even be able to push a new approach 
onto the international agenda if fellow world 
leaders believe the United States is serious 
about global warming. Yvo de Boer, executive 
secretary of the United Nations Framework 
Convention on Climate Change, has already 
signalled a willingness to entertain alternative 
ideas to ensure that everybody is on board the 
next global climate treaty. He says the notion 
of using a variety of national commitments 
— things such as renewable-energy standards, 
fuel-efficiency regulations or even elimination 
of energy subsidies — might be worth consid- 
ering in addition to Kyoto-style carbon caps. 
Different types of commitments would be 
available to countries facing various economic 
and political realities. 


De Boer also downplays his expectations of 
progress under a new administration, pointing 
out that Kyoto itself serves as a reminder of the 
limitations of the US presidency and the power 
of lawmakers on Capitol Hill. “It was President 
Clinton who never took the Kyoto Protocol to 
the Senate, because he knew he wouldn't get it 
through,” he says. “The Kyoto experience shows 
that if an administration negotiates something 

that the Senate isn’t willing to 
ratify, you are not really that 
much better off” 


Internal doubts 

As if leading the free world 

weren't enough, the new pres- 

ident will also have to address 
any lingering scepticism from the American 
public. Global warming consistently ranks 
as an issue of concern to US voters, but some 
polls put it far behind other national priorities 
such as terrorism, education, immigration and 
health care. A new leader might even be able 
to help activists establish a new, more hopeful 
icon for global warming. Polar bears on melt- 
ing ice floes might not be enough to convince 
Americans, long accustomed to cheap energy, 
that $5-per-gallon gasoline is acceptable, fears 
Severin Borenstein, an economist at the Uni- 
versity of California, Berkeley. “But maybe a 
charismatic leader can get people to make sac- 
rifices over the long term,” he says. 

In the end, many experts expect that what- 
ever the next president achieves domestically 
will set the standard for a post-Kyoto agree- 
ment. Many international delegates hope to 
achieve an agreement on the post-Kyoto frame- 
work by 2009, an aggressive goal that leaves the 
new president less than a year to get everything 
done. “It’s more realistic to look at early-to-mid 
2010,” says Esty. “Three or four months for the 
administration to get its feet on the ground, 
a year to get the negotiations done. It’s a fast 
pace, but a doable one.” 

Jeff Tollefson covers climate, energy and the 
environment for Nature. 


Charismatic candidates, but how green are their policies? From left to right: Fred Thompson, Barack Obama, John McCain and John Edwards. 
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riking a 

balance: from left, 

Jonathan Pershing, Julian 
Braithwaite and Jason Grumet. 


THEFIRST CUT 


For the first time, the US Congress has begun crafting comprehensive legislation to tackle global 
warming. Nature brought together five experts with various backgrounds to discuss the current 
political climate as the United States moves towards mandatory emissions caps. 


Two leading climate bills are currently 
before the Senate. One, by senators John 
Warner (Republican, Virginia) and Joseph 
Lieberman (Independent, Connecticut), 
would see a 63% reduction in emissions 
by 2050. The other, by Jeff Bingaman 
(Democrat, New Mexico) and Arlen 
Specter (Republican, Pennsylvania), 
offers softer targets. What are the 
advantages and disadvantages of the two? 
The fundamental architecture 
of the bills is extremely similar. I think that’s 
what gives me some real optimism — that 
we can now see legislation because we have 
two serious, detailed, bipartisan proposals 
that have a great deal in common. There are 
some important differences, but I think it’s 
worth noting that those differences are not 
philosophical or ideological. They are different 
approaches to trying to achieve similar ends. 
It is important to try to minimize 
any disproportionate or adverse impact on any 
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certain region of the country because of his- 
toric decisions that were made about the type 
of fuel they use to generate electricity. So that 
debate will be ongoing. It's a question of fair- 
ness, so there isn’t a formula that necessarily 
works for everybody. And at the end of the day, 
it’s going to create a certain amount of pain 
— like all difficult compromises — for every- 
body, because there is no perfect solution. 


What are the chances we can get this done 
this autumn or in this Congress? 

It is unlikely that we will see legisla- 
tion signed by the president this year. How- 
ever, I think there is a real possibility that 
we can see legislation garner 60 votes in the 
Senate if there is a political will to do so. And 
once that happens, that legislation becomes 
the centre of gravity for what will ultimately 
pass the Congress. There is a tactical question 
that I think our commission [the National 
Commission on Energy Policy] has some 
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disagreement with other advocates about, 
and that is whether in fact the legislation 
could be so much stronger environmentally 
in 2009 or 2010 that the best thing to do eco- 
logically would be to actually not try to pass 
legislation in this Congress. Our commission 
fundamentally believes the opposite, that the 
most ecologically responsible thing to do is to 
get an economy-wide mandatory programme 
adopted in the United States. Our view is that 
we should get on with it. 

Every major piece of environmental 
legislation that has ever been adopted in this 
country has been overwhelmingly adopted 
bipartisanly, and it’s never been a close vote. 
It’s been huge votes. This goes all the way back 
to the Clean Air Act in 1970. So what I hope I 
will see in the future is this strong consensus 
growing out of both houses [of Congress]. 

: It does seem to me that 
another piece that Jim didn’t mention, but I 
think is quite critical, is the level of popular 
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Who's who 


Julian Braithwaite works on climate issues 
as counsellor for global issues at the British 
Embassy in Washington DC. 


Jason Grumet is executive director of the 
National Commission on Energy Policy, a 
non-partisan group whose work served as a 
platform for Senator Bingaman’s legislation. 


Michael MacCracken is the chief scientist for 
the Climate Institute in Washington DC. 


Jonathan Pershing heads the climate, energy 
and pollution programme for the World 
Resources Institute in Washington DC. 


Jim Rogers is the chairman and chief 
executive of one of the nation’s largest 
electric utilities, Duke Energy in Charlotte, 
North Carolina. 


support. My own sense is that if I look back 
over the past three to five years, I’ve seen an 
increase in the willingness to pay [for action 
on global warming]. That brings us back to 
the question of what kind of technology costs 
there are, what kind of options we have and 
what kind of price we might need to pay to get 
to those options. 

t: The Bingaman-Specter bill has incen- 
tives that, based on permanent prices, would 
cost somewhere between $35 and $50 per 
tonne of carbon in the very first year of the pro- 
gramme for carbon capture and sequestration. 
Because any carbon price generates a signifi- 
cant amount of revenue, one of the key aspects 
of this legislation when it ultimately passes is 
going to be those technology incentives. 

I see this really through the eyes of 
our customers and what the cost impacts will 
be. It is fundamental in my judgement, and 
we can and should and will build a bridge to 
a low-carbon world. To build that bridge, we 
are going to have to build it on technology. 
[Developing that technology might take] 
10-15 years for carbon capture, 10 years for 
renewables and storage, and 10 years for the 
nuclear option, at a minimum. We almost 
have to have a timeframe of how long it is 
going to take to get the technology that allows 
the bridge to be built. 

If we are looking at a process in 
which we wait for 10 to 15 years before we have 
any significant movement on a technology, 
particularly in the case of capture and storage, 
we've lost a substantial part of the battle. How 
do we get it so it’s not a 10-15 year pathway, 
but a 5-8 year pathway? What would it take 
in the way of capital investment? What would 


it take in the way of incentives? What would 
it take in the way of subsidies? What would it 
take in the way of regulation to move it both in 
the United States and internationally? 


The European Union has said that it would 
set a basic target of limiting the effects of 
climate change to 2 °C. 

It is the best available tar- 
get at the moment based on the science. I think 
we then see that that links back to something 
you can measure, which is about 450 to 550 
parts [of carbon dioxide] per million in the 
atmosphere, which then allows you to start set- 
ting things that you can actually target, such as 
your Caps on emissions. 

It's important, I think, 
to understand that when Julian says 2°C, it’s 
2°C above pre-industrial levels — not 2°C 
above present. And so, as we're almost halfway 
there and committed to go another quarter of 
the way, we're very close [to that warming 
limit] and we need to act very soon. On the 
CO, alone, the effect on the ocean is starting 
to appear with ocean acidification, and a lot of 
the oceanographers are getting very worried 
about what’s going to happen to marine life. 

I believe there is actually one scien- 
tist among all of our elected members of Con- 
gress, so this question of how science engages 
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with policy is obviously a very important one. 
I would start with the unfortunate reflection 
that I think there is a profound disconnect 
between ecological imperative and near-term 
political possibility. And the problem that 
that creates, as the science becomes ever more 
clear and the impact ever more chilling, is that 
the debate has shifted among those who are 
opposed to action from the question of science 
to now questioning the solution. 


How do we engage the developing world? 

: If you would like to have developing 
countries engaged, you can't merely tell them 
‘were going to make you do it: You've got to 
demonstrate that you're going to do it yourself. 
If we can demonstrate technology potentials, 
if we can demonstrate the commercial viabil- 
ity of programmes, if we can demonstrate the 
profitability of these solutions, all of which I 
think are inherently realistic and plausible, 
then we can transfer that information. 

There are two visions of how we 
go forward being presented to the large emerg- 
ing economies in the developing world. One 
is a voluntary system, in effect based on inter- 
national peer review. The other is one where 
you continue to develop the global carbon 
markets, you continue to develop principles of 
the Kyoto Protocol where you have mandatory 
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caps on emissions — you have common but 
differentiated commitments, which does offer 
the prospect in the longer term that at some 
point China and India will have caps on their 
emissions. 

Grumet: There is also, I think, a very real 
question about whether CDM offsets [from 
the Kyoto Protocol’s Clean Development 
Mechanism, in which developed countries 
fund projects in the developing world to com- 
pensate for their own emissions] will have the 
environmental integrity that we ultimately 
need. I think they have a role to play, but I 
think it has to be a role that is predicated upon 
a few years of learning. 

Braithwaite: The European emission-trading 
scheme and what we've been doing through 
the CDM is probably the largest real-world 
example of all of these policies and actions. 
I think it’s fair to say that Europe has been a 
sort of global laboratory for these policies. And 
clearly, there are some things that we've learned 
and we can improve. But I think the point is 
that in Europe we still think that these systems 
can provide the developed world with some 
system for offsets in 


a 

Outrage aanOns the developing world 
scientists Is to bring these nations 
kind of modest in, to give them a stake 
annoyance in this global carbon 

market. 

among the rest Rogers: The Euro- 
of us." — Jason pean community has 
cue done us a real favour 


by experimenting and 
expanding and deploying cap-and-trade, as 
well as the CDM. And as I have studied some 
of the issues that they have addressed, these are 
issues that are not insurmountable. We need 
to take advantage of the learning curve that 
Europe has experienced and allow that to give 
us the courage to build on what it has done 
going forward. 


We tend to talk about costs, but 

you're a businessman. There are also 
opportunities for profit out there. 

Rogers: I see this — mainly because our com- 
pany is so dependent on coal — from a cost 
standpoint, because 70% of the electricity 
our consumers use is predicated on coal. But 
that’s on the one hand. On the other hand, I 
see a great profit opportunity here for technol- 
ogy development. If we can get the business 
model right for the utility industry, and if we 
can start pouring billions of dollars into energy 
efficiency and developing those technologies, I 
think that offers the greatest hope in the short 
term as we wait for the development of carbon 
capture and storage, of battery technology and 
of other technologies. 
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Power struggle: legislation to curb US emissions 
will need to strike a political compromise. 


Should scientists act as advocates 

on this issue? 

MacCracken: If you want to avoid dangerous 
or catastrophic kinds of consequences such as 
the loss of Greenland, you've to get on a path 
where emissions from developed countries are 
going down by around 80% by 2050. You have 
to do that. And we'll have to get developing 
countries to go along as they can, and go down 
further after that. So I think scientists need to 


Julian Braithwaite: in an ideal world, scientists 
shouldn't have to be advocates. 
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speak out very clearly on the exact details of 
what the policies are. 

Pershing: I think that the scientific community 
has been under-represented in the dialogue 
and has taken a pass when it should have taken 
a step forward. It has basically proposed that 
others know better as to what should be done, 
and that’s not evident. If we take the past 20 
years where there has been complete and total 
inaction, the scientific community in the first 
IPCC [Intergovernmental Panel on Climate 
Change] assessment report laid out explicitly 
the nature of the problem and made propos- 
als as to what ought to be done. Twenty years 
later, very little has happened. So I suggest the 
scientific community needs to be much more 
aggressive. 

Braithwaite: I think in an ideal world, they 
shouldn't have to be advocates; their voice 
should be heard anyway. When their voice 
ist being heard, then that’s a different situa- 
tion. ’'m not going to comment on the United 
States, but in the United Kingdom, I think if 
we tried to put together public policy without 
basing it on the best available science, wed get 
ourselves into trouble very quickly. 

Grumet: The one other point that I will make 
is that, in our system, there is such a profound 
notion of there being two sides to every issue. 
I think where the scientific community finally 
rose up with some outrage — and outrage 
among scientists is kind of modest annoyance 
among the rest of us — was when the real sci- 
entific community was fully convinced of the 
basics of the ecological reality, but there were 
one or two folks out there pushing a differ- 
ent [sceptical] side. Yet the situation would 
be consistently set up as one scientist thinks 
this and the other scientist thinks something 
different. And finally I think about a year ago 
the scientific communities kind of got fed up 
with that. 


That sounds like it was a problem with 

the media. 

Grumet: Well, of course it’s a problem with 
the media, but sitting here in the National 
Press Club, I would not be so bold as to 
suggest that. 

Pershing: It’s also a problem with the scientific 
community, which has been reluctant to ever 
come out on any side of any issue. That’s not 
the standard scientific process. There’s always 
room for doubt and uncertainty. But in this 
particular instance, my sense is the scientific 
community has done itself a disservice. a 
Nature reporter Jeff Tollefson moderated this 
discussion in Washington DC. For a full 
transcript, visit http://www.nature.com/ 
news/specials/climatepolitics/index.html. 
See also Editorial, page 319. 
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What every president should know 


If you want to lead the free world, you'd better know your physics. That's the lesson from a popular 
undergraduate class, called ‘Physics for future presidents’, taught by Richard A. Muller at the 
University of California, Berkeley. Here he sets some typical questions. An interactive version of this 
quiz with extended answers is online at www.nature.com/news/specials/climatepolitics/index.html. 


1) Electricity from the wall plug costs 
about 10 cents per kilowatt-hour (kWh). 
If you were to get the same electricity by 
buying AAA alkaline batteries at the local 


store, the cost of that electricity would be: 


(a) 15 cents per KWh 
(b) 94 cents per KWh 
(c) $2.50 per kWh 
(d) $1,000 per kWh 


2) A gram of which of these is most toxic? 
(a) Botulinum toxin 

(b) Arsenic 

(c) Anthrax spores 

(d) Plutonium dust (inhaled) 


3) The highest achieved efficiency (solar 
energy converted to electrical energy) of 
solar cells is approximately: 

(a) 4% 

(b) 15% 

(c) 28% 

(d) 41% 


4) Atypical high-resolution spy satellite 
has how long to photograph a location? 
(a) 10 seconds 

(b) 1 minute 

(c) 12 minutes 

(d) 90 minutes 


5) The dose for radiation illness (50% 
chance of death within a month) is 

300 rem, whole body. The dose to trigger 
on average one cancer is: 

(a) 2.5 rem 

(b) 25 rem 

(c) 250 rem 

(d) 2,500 rem 


6) Compared with a gallon of gasoline, 
the energy supplied by a gallon of liquid 
hydrogen is approximately: 

(a) % (that is, it has less energy per gallon) 
(b) The same energy per gallon 

(c) 3 times more energy per gallon 

(d) 12 times more energy per gallon 


7) Compared with the energy released 
when a pound of gasoline is burnt, the 
energy released when a pound of TNT is 
exploded is about: 

(a) 2 times greater 

(b) 13 times greater 

(c) the same, within 40% 

(d) less by a factor of 15 


8) Of the deaths caused by the Hiroshima 
atomic bomb, the fraction attributed to 
cancer was: 

(a) Less than 2% 

(b) About 7% 

(c) About 20% 

( 


d) More than 50% 


9) A critical mass of plutonium has a 
volume of: 

(a) 3 tablespoons 

(b) 1 soft-drink can 

(c) 1 gallon 

(d) 3 gallons 


10) In one computer cycle (a billionth of 
a second for a slow laptop), light travels 
about: 

(a) 1 foot (30 centimetres) 

(b) 300 metres 

(c) 3 kilometres 

(d) 300 kilometres 


11) In the past 100 years, the carbon 
dioxide level in Earth's atmosphere has 
increased by what fraction of its previous 
value? 

(a) Less than 1% 

(b) 3% 
(c) 30% 
(d) 112% 
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12) The rocket that won the X Prize 

in 2004 achieved an altitude of 100 
kilometres. To go into orbit would require 
more energy. How much more? 

(a) 1.414 times more 

(b) 2 times more 

(c) 7 times more 

(d) 32 times more 


13) The International Atomic Energy 
Agency's 2006 estimate for the number of 
excess cancer deaths expected worldwide 
from the Chernobyl nuclear accident was: 
(a) Less than 1,000 

(b) 4,000 

(c) 24,000 

(d) 1.3 million 


M.-H. JEEVES 


14) The ozone layer in the atmosphere is 
created by: 

(a) Carbon dioxide 

(b) Sunlight 

(c) Sulphur from fossil fuels 

(d) Chlorofluorocarbon compounds (such as 
Freon) 


15) Light in a fibre carries more 
information per second than electricity in 
a wire because: 

(a) It has a higher frequency 

(b) It travels faster than electricity 

(c) It makes use of quantum effects 

(d) It doesn't. Wires transmit higher bit rates. 
(That's why they are used in computers.) 


16) The power in a square kilometre of 
sunlight is: 

(a) 1 kilowatt 

(b) 1 megawatt 

(c) 10 megawatts 

(d) 1 gigawatt 


17) To be legal for consumption in the 
United States, the radioactivity of one 
litre of ethanol (drinking alcohol) must be: 
(a) Less than 12 decays per minute 

(b) Below the threshold of standard Geiger 
counters 

(c) Not measurable by accelerator mass 
spectrometry (the most sensitive detection 
method) 

(d) More than 4,000 decays per minute 


Richard A. Muller's book Physics for Future 
Presidents will be published by Norton in 2008. 
Answers on page 346. 


345 


CORRESPONDENCE 


Independent evidence 
backs call for a badger cull 


SIR — In your Editorial ‘In for the cull’ 
(Nature 450, 1; 2007), you implied that 
my assessment of the scientific evidence 
relating to bovine tuberculosis (TB) in 
cattle and badgers was influenced by 
political considerations. This attack on 
my integrity as the government's chief 
scientific adviser has no foundation 
whatsoever. The editorial staff of a journal 
surely understand fully the importance of 
scientific challenge and debate, as distinct 
from personal attacks. Yet your Editorial 
does not address the science. 

As you point out, the scientific content 
of the report on cattle from the Independent 
Scientific Group (ISG), under the 
chairmanship of John Bourne, has been 
published in the scientific literature and 
hence peer-reviewed, but the conclusions 
reached by Bourne and his colleagues in 
the report have not. 

My role is to provide independent scientific 
challenge and advice on important issues, 
such as this, in which the science is critical. 
To do my assessment, I assembled a team 
of independent, well-respected experts 
who brought international expertise in the 
necessary disciplines, particularly badger 
ecology, epidemiology, immunology and 
bovine TB. I had no idea what conclusions 
they would reach. 

Although the scientific conclusions 
produced by my experts differ from the 
main conclusion of the ISG report, they 
nonetheless follow directly from the ISG’s 
data, which clearly show that carrying out 
badger removal over a large area and a 
sustained period of time, together with 
cattle removal and other controls, would 
deliver an overall reduction in TB incidence 
in cattle herds. This is the only effective 
course of action until efficacious vaccines 
become available. 

Bovine TB in cattle is the most serious 
endemic animal disease in the United 
Kingdom: the ISG reports a doubling of 
herd breakdown every 4.5 years in the 
high-incidence area. These data suggest 
that, in the randomized badger-culling 
trial, badgers could account for up to 40% 
of new confirmed incidents of bovine TB 
in cattle. 

On the basis of the scientific evidence, 

I do not believe that we can control TB in 
cattle — and badgers — without removing 
the sources of infection in both species. 
Other countries have been unable to control 
TB in cattle without addressing the wildlife 
reservoir (N. E. Tweddle and P. Livingstone 
Vet. Microbiol. 40, 23-39; 1994). 

I utterly reject any suggestion that I was 
— or could have been — influenced in my 
science advice by farmers, policy-makers or 
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politicians. My mantra of openness, honesty 
and transparency continues unabated. 

David King 

Government Office for Science, Department of 
Universities, Innovation and Skills, Kingsgate House, 
66-74 Victoria Street, London SWIE 6SW, UK 
Nature has no reason to question Sir 
David's honesty, nor any evidence 

of political doctoring of his report. 

We stand by the concerns about the 
practice of scientific advice raised 

in the Editorial — Editor, Nature 


Kyoto: talks must include 


key aspects of science 


SIR — Gwyn Prins and Steve Rayner are 
correct to argue, in their Commentary “Time 
to ditch Kyoto’ (Nature 449, 973-975; 2007), 
that the Kyoto Protocol has failed and needs a 
radical rethink, but they do not diagnose the 
roots of this failure correctly. Lessons are less 
likely to be learned without this diagnosis. 

There were two fundamental problems: 
one inherent in the negotiating model and 
the other in the issue structure that came to 
dominate the process. The first overestimated 
the possibility that science would counter the 
divergent interests of different states 
sufficiently for them to act in the greater 
global good; the second diminished the 
possibility that force of moral obligation 
would enhance this prospect. 

A better understanding of the science 
might inform post-Kyoto negotiations more 
productively. For example, the logarithmic 
nature of carbon dioxide forcing, with each 
additional tonne having a smaller effect than 
the last, suggests that burdens should be less 
for countries industrializing now than for 
those that industrialized 100 years ago or 
more. And the ‘Hansen alternative scenario’ 
(J. Hansen et al. Proc. Natl Acad. Sci. USA 97, 
9875-9880; 2000) suggests that much might 
be done by mitigating carbon-forcing agents, 
such as carbon soot from inefficient biofuel 
combustion, because this would bring 
enormous co-benefits from addressing 
indoor-air pollution in India and elsewhere. 

‘MinilateralisnyY in groups such as the G8+5 
Climate Change Dialogue and the Asia— 
Pacific Partnership on Clean Development 
and Climate (AP6), recently joined by 
Canada, is likely to be more productive than 
full multilateralism. But neither approach is 
going to be particularly productive unless key 
aspects of climate science inform the 
negotiations, and the normative discourse 
makes accurate and credible demands on 
parties such as the United States and 
Australia, which are unlikely to set aside their 
interests in the absence of such measures. 
Aynsley Kellow 
School of Government, University of Tasmania, 
Private Bag 22 Hobart 7001, Australia 
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Kyoto: no time to rearrange 
deckchairs on the Titanic 


SIR — Gwyn Prins and Steve Rayner, in their 
Commentary (Nature 449, 973-975; 2007), 
manage to be perfectly right and utterly 
wrong at the same time. Their criticism of the 
bureaucratic Kyoto Protocol is justified on 
many crucial points (although they don't 
mention that the physical impact of the 
protocol on the climate system would be 
negligible even if it worked). The novelty of 
this summary of well-known deficiencies in 
the treaty is that the list comes from 
independent European scientists rather than 
White House mandarins. Is there anything 
substantially new beyond that provocation? 

Yes, in the sense that Prins and Rayner 
boldly propagate a “bottom-up ‘social 
learning’” approach to climate policy that 
aspires to “put public investment in energy 
R&D ona wartime footing” I agree with the 
importance of both elements to twenty-first 
century climate protection, but doubt whether 
there is a solid causal chain linking them. 
Fine-scale measures and movements towards 
sustainability, as well as technological and 
institutional innovation strategies, are needed 
to decarbonize our industrial metabolism and 
to force policy-makers to face the challenges 
ahead. Fancy phrases such as “the silver 
buckshot” may help to sell the case. 

Time is crucial, however. It is unlikely that a 
bottom-up, multi-option approach alone will 
be able to mobilize war-level climate- 
protection efforts by all the major emitters 
(including Russia, China and India) within 
the one or two decades left to avert an 
unmanageable planetary crisis. Without a 
‘global deal’ — designed for effectiveness, 
efficiency and fairness and providing a 
framework to accommodate every nation — 
there will be neither sufficient pressure nor 
appropriate orientation towards the climate 
solutions we desperately need. The bottom-up 
and top-down approaches are complementary 
and must be pursued interactively. 

Kyoto is simply a miserable precursor of 
the global regime intended to deliver genuine 
climate stablization — and was never 
expected to be more. “Ditching” it now would 
render all the agonies involved completely 
meaningless after the event, denying the 
entire process of policy evolution the slightest 
chance to succeed. So, instead of rearranging 
the deckchairs on the Titanic through social 
learning, let us ditch pusillanimity. 

John Schellnhuber 

Potsdam Institute for Climate Impact Research, 
PO Box 601203, D-14412 Potsdam, Germany 

See Nature's climate blog at http://tinyurl.com/ 
37g2pk. Readers are welcome to add their comments. 
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Who has the ear of the president? 


50 years after the appointment of the first presidential science adviser, the White House is flooded with 
scientific information. Roger Pielke Jr suggests how the next administration might develop ways to use it best. 


n 15 November 1957, as part of his 
() response to the Soviet launch of Sput- 

nik, President Dwight Eisenhower 
swore in James Killian, president of the Massa- 
chusetts Institute of Technology in Cambridge, 
to the newly created position of special assist- 
ant to the president for science and technol- 
ogy. Since then, 14 men — almost all physicists 
— have served 10 presidents as ‘science adviser; 
as the position is more commonly known. 

A recent article in Physics Today looked back 
wistfully on the position’s early years’: “Never 
before or since have scientists had a firmer 
influence on the reins of power that direct 
national policies.” Recommendations that 
accompany such nostalgia, perhaps most evi- 
dent during the term of the current and long- 
est-serving science adviser John Marburger, 
draw more from legend than from history, with 
far more attention paid to how science advice 
is given rather than to how it is used. 

The president today receives an almost 
overwhelming flood of expert advice — from 
government committees, national academies, 
national and international scientific organi- 
zations, self-organized scientific groups, 
advocacy groups, and many others. By some 
estimates, the activities of more than 18,000 
governmental science and technology advisers 
generate 6 new reports every day. The presi- 
dent is thus hardly in need of more scientific 
advice. The central challenge of managing 
expertise in today’s government is to make 
effective use of the flood of information that 
threatens to drown decision-makers. 


Lessons from the past 

During 2005 and 2006, I inter- 
viewed seven science advisers 
who served under presidents 
from Lyndon Johnson to George 
W. Bush’. Although the role of 
each science adviser was as dif- 
ferent as each president, some 
characteristics remain constant. Neal Lane, 
the second science adviser to President Bill 
Clinton, explains that: “You have to support the 
president in his policies, whatever those poli- 
cies are, and you have to do that while preserv- 
ing your integrity as a scientist and the integrity 
of your office. If the president says something 
that’s just wrong scientifically, then you've got 
to figure out how to explain to the American 
people what the president really meant to say 


“You have to support 
the president in his 
policies, whatever 
those policies are.” 
— Neal Lane 
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President Eisenhower (right) chats with the inaugural science adviser James Killian at a dinner in 1959. 


in such a way that everybody is okay.” 

Contrary to popular wisdom, the role of sci- 
ence adviser was in decline from the moment 
that President Eisenhower tellingly rushed 
through Killian’s appointment ceremony in 
order to depart for an eagerly anticipated golf 
vacation in Augusta, Georgia. And in his 1961 
farewell address, Eisenhower expressed con- 
siderable wariness about scientific expertise 
in government: “In holding scientific research 
and discovery in respect, as we should, we 
must also be alert to the equal 
and opposite danger that pub- 
lic policy could itself become 
the captive of scientific- 
technological elite.” 

Yet as the adviser’s influence 
has declined, scientific and 
technological expertise at the 
highest levels of government has been trium- 
phant. William T. Golden, investment banker, 
philanthropist and a chief architect of the 
science-adviser position, wrote in 1950 that 
the government could draw on “somewhere 
between 20 and 200” top scientists. By 2003 
there were approximately 8,000 scientists serv- 
ing on about 400 federal advisory committees. 
Without effective mechanisms to turn advice 
into options, and options into action, the often 
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heroic efforts of these scientists will amount to 
little more than academic exercises. 

As science and technology have become 
more important to governmental decision- 
making over the past half century, one result 
has been the reduced importance of a personal 
science adviser to the president. Because policy 
issues with scientific or technical content are 
ubiquitous, it is unrealistic to think that one 
person with a small staff can hope to serve as 
the president's sage. 

In any case, a president does not make sci- 
entific judgements. A president makes politi- 
cal judgements that may involve scientific or 
technical considerations in the evaluation of 
alternatives for action. Jack Gibbons, Presi- 
dent Clinton’s first science adviser, explains: 
“Science is not an overarching national goal 
for the president. It’s only as it serves to help 
achieve these larger goals that science takes its 
place in the crown of important activities for 
the president.” Science is a determining factor 
in decision-making only when there is very 
little political conflict. By contrast, intense 
political conflict magnifies small differences 
over science as a proxy for political debate, 
making the management of expertise all the 
more important to prevent experts simply 
cancelling each other out’. 
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Jack Gibbons speaks at a press conference in 1992. He later became science adviser to President Clinton. 


Structural factors further limit the role of 
the science adviser in presidential decision- 
making. In 1976, Congress reversed President 
Richard Nixon’s earlier decision to abolish 
White House science advice when it formal- 
ized the Office of Science and Technology 
Policy (OSTP) in legislation and with it cre- 
ated a second role for the president's science 
adviser as OSTP director. Gibbons says that 
this legislation, perversely, meant that the sci- 
ence adviser would never be among the ‘inner 
circle’ of White House advisers because, unlike 
other special assistants to the president, the 
OSTP director could be asked to give Con- 
gressional testimony. Calls for institutional 
reform to bring the science adviser closer to 
the centre of White House decision-mak- 
ing, such as by reinstating the President's 
Science Advisory Committee’, are therefore 
unlikely to succeed. 


The inner circle 

Personal relationships are also an important 
factor. Lane emphasizes that key political deci- 
sions were often made by the president's closest 
staff, most of whom forged their relationship 
with the president in the heat of election cam- 
paigns. It is telling that Jerome Wiesner, who 
served under President John F. Kennedy, seems 
to be the only science adviser who participated 
in a presidential candidate’s successful election 
campaign. A fundamental political reality is 
that decision-making at the highest levels of 
the White House will always be based on the 
idiosyncrasies of the president and his or her 
staff regardless of the method by which science 
advice is delivered. 

Yet the science adviser is neither irrelevant 
nor powerless. The OSTP works with the 
Office of Management and Budget, which 
prepares the president’s budget for the entire 
government. “In today’s OSTP, we set our work 
schedule and products deliberately to synchro- 
nize with the budget cycle,” says Marburger. 
Coordination of research and development 
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budgets across federal agencies is therefore 
central to the job. No other cross-department 
area of government activity has such a unique 
input into the budget process, which may help 
to explain why research and development 
spending has increased steadily for decades. 
The downside of this unique role is that the 
science adviser and the OSTP must be careful 
to avoid having their views discounted as com- 
ing from an internal ‘science lobby: 

In balancing these challenges, science advis- 
ers have adopted vastly different roles. George 
Keyworth, who served under Ronald Rea- 
gan, says he found his niche by focusing his 
advice solely on the Strate- 
gic Defense Initiative. Ed 
David recounts how he was 
enlisted to help President 
Nixon's re-election chances 
by having NASA reschedule 
its Apollo moon launches 
away from the election. 
Donald Hornig, President 
Johnson’s adviser, related that science was often 
instrumental in international relations as “a 
wonderful lubricant for foreign policy initia- 
tives”. Such differentiated responsibilities and 
experiences challenge the notion of the science 
adviser as the president's sage. Whoever is next 
appointed to the advisorial post will no doubt 
shape the relationship with the president in his 
or her own unique way. 

Even if the science adviser has rarely, if ever, 
held the ‘reigns of power’ over the past 50 years, 
scientific and technical expertise has nonethe- 
less triumphed in government. Historian Dan- 
iel Kevles at Yale University in New Haven, 
Connecticut, calls the contemporary politi- 
cal environment “unbelievably pluralistic” in 
which “there is hardly an issue you can think 
of that doesn’t turn to some extent on techni- 
cal knowledge”. Thus, the challenge of enabling 
effective science advice under the next presi- 
dent will not be met by identifying one person 
or even a committee to serve as a fountain of 
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“A president does not make 
scientific judgements. A 
president makes political 

judgements that may 
involve scientific or 
technical considerations.” 


wisdom on all matters scientific or technical. 
Such quaint notions ignore the lessons and 
realities of science advice in government. 

The reality of pluralistic policy-making helps 
to explain why today so many issues involving 
science are politicized, and will continue to be 
so, under all future presidents. The scientific 
community can assist the next president by 
focusing greater attention on the overwhelm- 
ing supply of expert advice beyond the White 
House that feeds into all aspects of govern- 
ment decision-making” . In practical terms, 
this would mean eschewing calls to separate 
science from politics, and fostering instead 
more sophisticated ways to integrate science 
with the needs of policy-makers. 


The triumph of expertise 
Scientists in government need more effec- 
tive means to elicit from decision-makers 
the policy-relevant questions that need to be 
addressed by scientific and technical experts, 
building on the experiences of the congres- 
sional Office of Technology Assessment. 
Another useful strategy would be to ask 
some expert advisory committees to go 
beyond the discussion of technical matters by 
presenting a wide range of policy options to 
decision-makers. This would require think- 
ing about scientific advice and its implications 
more comprehensively, because discussion of 
policy options requires integrative, interdisci- 
plinary knowledge. The science adviser (and 
the OSTP) might also contribute to this proc- 
ess by serving as an in-house ‘think tank for 
the president, a function the social scientist 
Daniel Yankelovich calls an 
“options czar”. Presenting 
options would help preserve 
the public credibility of the 
science adviser by clearly 
delineating the differences 
between advice, advocacy 
and decision-making’. 
Hopes within the science 
community that the next president will some- 
how return the science adviser to a position of 
power are based on unrealistic expectations. 
The relationship between the next president 
and his or her science adviser will be as unique 
and idiosyncratic as those under the past ten 
presidents. Far more important for effective 
decision-making will be how the next admin- 
istration manages and uses the vast infrastruc- 
ture of expert advice that it will inherit. a 
Roger Pielke Jr is at the Center for Science and 
Technology Policy Research, Cooperative Institute 
for Research in Environmental Science, University 
of Colorado, Boulder, Colorado 80309, USA. 
e-mail: pielke@colorado.edu 
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A sixth mass extinction? 


Past species losses have much to teach us about current and future declines due to human activity. 


Terra: Our 100-Million-Year-Old 
Ecosystem — and the Threats that Now 
Put it at Risk 

by Michael Novacek 

Farrar, Straus and Giroux: 2007. 480 pp. $27 


Chris D. Thomas 

This year the baiji river dolphin (Lipotes vexil- 
lifer), a victim of the pollution and boat traffic 
of China’s Yangtze river, was added to the list 
of creatures on the verge of extinction. Is this 
part of the sixth mass extinction in 450 million 
years, or does the recent spate of losses caused 
by humans represent a blip in the history of life 
on Earth? Michael Novacek’s Terra takes stock 
of the situation and provides an opportunity to 
learn from the past. 

Novacek ambitiously amalgamates the com- 
ings and goings of species over the past 400 
million years to set the stage for his descrip- 
tion of recent human-induced extinctions and 
an examination of today’s threats to species. 
I would have preferred a single, persuasive 
synthesis rather than a hotchpotch of stories 
relating to the past, present and possible future, 
but the author covers his material engagingly, 
interspersing it with personal anecdotes. 

I do not buy the thesis that the prolifera- 
tion of flowering plants and associated insects 
about 100 million years ago was more impor- 
tant in determining today’s life and ecosystems 
than were other events in the geological past. 
After all, land covers only 29% of Earth and 
flowering plants are not the only terrestrial 
life forms. If their evolution is so important, 
are flowering plants more or less sensitive to 
human onslaught than other components of 
global ecosystems, and how is their geological 
history relevant to the answer? 

It would have been useful to include criti- 
cal comparisons of past, recent and future 
extinction rates. How do the numbers stack 
up? Three of the recognized ‘big five’ mass- 
extinction events occurred in the past 300 
million years, each accounted for the extinc- 
tion of some 30% or more of marine genera. If 
30-50% of present-day species are on their way 
to extinction, to use the numbers that Novacek 
quotes, then roughly 15-25% of genera might 
be lost — still short of the big-five estimate. 

There are many difficulties in making com- 
parisons between geological data and future 
projections, the assumptions and uncertain- 
ties involved merit a serious discussion missing 
here. Projected extinctions are, on the face of it, 


The baiji river dolphin, Lipotes vexillifer, of China's Yangtze river may soon disappear. 


already within the range of the largest extinc- 
tion events of the past 300 million years, each 
of which has heralded the arrival of a major 
new geological period or epoch. The human- 
dominated ‘anthropocene period’ seems to be 
unfolding. 

Limiting the rate of extinction will be 
extremely difficult because space and resources 
are finite. Take the demand for food and bio- 
energy production: about a quarter of maize 
(corn) production in the United States for 2007 
is designated for biofuel. To fulfil the new US 
2017 target for biofuels from this inefficient 
source would require about 0.5% of Earth's land 
surface, and a considerably greater percentage 
of its potential farmland. If the same area of 
uncultivated land is taken into cultivation else- 
where to replace lost food production, this will 
drive about twice as many species to extinction 
— through extra habitat loss — as would be 
reprieved by mitigating climate change. It has 
been shown that if just 6% of the land currently 
used for maize-ethanol production for biofuels 
were to be displaced into further tropical defor- 
estation — releasing the carbon held in those 
forests — no climate-change benefits from car- 
bon mitigation would accrue at all. 

Win-win solutions are sometimes possible, 
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for example, by saving carbon in intact for- 
ests that protect biodiversity. But we cannot 
increase the world population by 50%, and 
increase the food resources available to every 
citizen, and grow our energy, pharmaceuticals, 
plastic and other products, and still maintain 
existing ecosystem services and all extant spe- 
cies. Of course, we shall solve some of these 
issues with technological fixes. Yet if we main- 
tain 9 billion avaricious people on Earth for 
the next millennium, a sixth extinction event 
seems inevitable. 

The geological perspective of Terra is 
bizarrely reassuring. Humans will presumably 
be gone within a few million years, perhaps 
sooner. If the past that Novacek describes is a 
guide to the future, global ecosystem processes 
will be restored some tens of thousands to a 
million years after our demise, and new forms 
of life over the ensuing millions of years will 
exploit the denuded planet we leave behind. 
Thirty million years on, things will be back to 
normal, albeit a very different ‘normal’ from 
before. It is good to be optimistic. The problem 
is living here in the meantime. | 
Chris D. Thomas is professor in the Department 
of Biology, PO Box 373, University of York, York 
YO10 5YW, UK. 
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Prescient marine champion 


The Human, the Orchid and the Octopus: 
Exploring and Conserving our Natural 
World 

by Jacques Cousteau & Susan Schiefelbein 
Bloomsbury USA: 2007. 320 pp. $25.95 


Ken Collins 

Jacques Cousteau turned the television screen 
into a porthole onto the underwater world 
and each of his documentaries attracted some 
250 million viewers worldwide. It was his idea 
to put a yellow stripe down the arms and legs 
of early wetsuits to make divers more visible 
on film. He was the reason I became a marine 
scientist. 

Ten years before his death in 1997, Cousteau 
wrote The Human, The Orchid and The Octo- 
pus, now available for the first time in English, 
in collaboration with Susan Schiefelbein. She 
had worked alongside him and written the 
scripts for many of his films, and has since 
added a biographical introduction that gives us 
an insight into the development of Cousteau’s 
views on conserving the marine environment, 
which forms the main subject of the book. It 
is a very readable mix of stories of underwater 
exploration, overlaid with an increasing aware- 
ness of environmental issues and an emerging 
philosophy that will be widely appreciated. 

The book's mysterious title derives from the 
last chapter — “The miracle of life’ — which 
discusses the most highly developed examples 
of vertebrates, plants and invertebrates. In 
this chapter, Cousteau’s fascination with the 
complexity of marine life is illustrated by his 
delight in discovering and understanding the 
behaviour of small fishes — for example, the 
habit of the perch-like wrasse of laying its eggs 
in the bowls of sponges. He was tickled by an 
example of native wisdom in Indochina during 
his early navy career, when a rower slid over the 
side of their boat to grab edible evidence that 
the local fish took a midday siesta. To satisfy 
his huge curiosity, Cousteau undertook many 
hair-raising dives, including an early, extremely 
deep journey in a bathyscape submersible; his 
definition of a successful dive soon came to be 
one that returns to the surface. 

Wonder at the marine environment led to 
his concern for its protection, long before it 
became a global issue. He publicly renounced 
spear-fishing in 1960, proclaiming that “we 
must have a fundamental respect for nature”. 
Soon afterwards, he mobilized 11,000 compa- 
triots to prevent a train from delivering its load 
of radioactive waste for dumping in the Medi- 
terranean Sea. Later, the Madrid Protocol was 
drawn up as a direct result of his personal plea 
to world leaders for international protection of 
the Antarctic continent. 

As an experienced marine scientist and 
director of Monaco’s Oceanographic Museum, 
Cousteau fully understood the risks posed by 
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Jacques Cousteau, centre, was a pioneer in protecting the seas from human harm. 


pollutants. In the book, this awareness is pre- 
sented alongside discussion of the world’s 
scriptures, in which water is revered for its 
bounty and its purity. As Cousteau became 
more caught up in conservation issues, he 
realized that policy decisions are too frequently 
dictated by market, rather than human, values. 
Schiefelbein adds an epilogue updating many 
of the environmental issues discussed. 
Despite the age of the core text of The Human, 
The Orchid and The Octopus, the issues dis- 
cussed are still topical. Cousteau observes that 
shallow coastal waters are the most fertile, but 
also the most vulnerable to human activities. 
Problems with world fisheries continue to 
increase. Even at the time of writing, he noted 


that fish could never feed the world. 

Cousteau decries the militarization of sci- 
ence through the cold-war years, which pro- 
duced the newspaper headline “Fear of Peace 
Depresses Market”. He concludes with the 
thought that humanity's enemy has never been 
science, but rather that we need to use science 
to civilize civilization. 

In his foreword, Bill McKibben considers 
fear to be the second-best motivator for con- 
serving our planet — the most powerful being 
love for it, as generations learned from Jacques 
Cousteau. a 
Ken Collins is a senior research fellow at the 
National Oceanography Centre, Southampton 
$014 3ZH, UK. 


Human distilleries 


Rethinking Expertise 

by Harry Collins & Robert Evans 
University of Chicago Press: 2007. 160 pp. 
$37.50 


Robert P. Crease 

The modern world depends on experts and 
expertise. We use them all the time, without 
a second thought, in our personal and profes- 
sional lives. Yet controversies over such matters 
as the causes of AIDS and global warming, and 
a growing public distrust of science, provoke 
scepticism about the abilities and agendas of 
so-called experts. According to Harry Col- 
lins and Robert Evans, the notion of expertise 
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needs an overhaul. 

The authors of Rethinking Expertise are both 
sociologists. Collins came across the topic dur- 
ing his 30-year study of scientists involved with 
gravitational waves, which culminated in his 
book Gravity’s Shadow: The Search for Gravi- 
tational Waves. He decided that the portrayal 
of experts as knowledge producers who pass 
on nuggets of truth to clients was woefully 
inadequate, a point he and Evans presented 
in a 2002 article reprinted in The Philosophy 
of Expertise (an anthology that I co-edited). 
Rethinking Expertise expands on that work, 
calling for “a new sociology of expertise”. 

Collins and Evans argue that expertise does 
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not involve passing on truths from producer 
to consumer, but takes the form of fallible 
judgements made in situations in which all 
the desired information is not available. This 
applies to scientific collaborations and gov- 
ernmental projects. “The speed of politics,” 
they write in a characteristically succinct and 
clever remark, “exceeds the speed of scientific 
consensus formation.” This leads them to 
defend their seemingly pedestrian conclusion 
that governments should rely on experts as 
“the best way to distil human experience of an 
uncertain world” — even when those experts 
have no final answers. 

The authors needed to defend themselves. 
Some sociologists sharply attacked their 2002 
article on the grounds that the technical and 
political phases of a controversy cannot be 
neatly separated, and that governments often 
use expert advice on technical questions (“Does 
activity X meet our standards for safety?”) to 
disguise political questions (“Should we do 
activity X?”). This problem is best met, critics 
contended, by expanding public involvement 
in technological decision-making, breaking 
down the boundaries between experts and 
laypeople. 

Rethinking Expertise argues the reverse, 
namely that disguised political questions 
would be combated more effectively by a more 


rigorous understanding of whose technical 
expertise really should weigh in on techno- 
logical decision-making. This is what Collins 
and Evans call the “problem of extension’, or 
“who is entitled to contribute to the technical 
component of a technological decision”. If an 
extension is too technocratic, it will foster dis- 
trust; ifit is too broad, there is a risk of invoking 
‘technological populism, which means deci- 
sions could be overly influenced by politics or 
lifestyle choice. 

The authors address the problem of exten- 
sion by offering a “periodic table of expertise” 
— an attempt “to classify all the types of exper- 
tise that might be brought to bear on a techno- 
logical problem” These include about a dozen 
varieties, ranging from language-speaking skills 
to higher, domain-restricted categories. There is 
‘contributory’ expertise from active practition- 
ers ofa field (the usual concept of an expert) and 
‘interactional expertise, which involves fluency 
ina field in the absence of contribution. Sociol- 
ogists and journalists have interactional exper- 
tise, and it is widespread in science (in which 
scientists must interact across disciplines), in 
management and in peer-reviewing. 

Interactional expertise is one of the authors’ 
most novel ideas. They dramatize it by report- 
ing the results of several Turing-test-like imita- 
tion games. In one, judges could not distinguish 


between colour perceivers and colour-blind 
participants, probably because the latter had 
been immersed since birth in the language of 
colour and acquired the ability to pass as per- 
ceivers. In another, judges could not pick out 
Collins in a group of bona fide gravitational- 
wave researchers. 

These results have startling implications. 
For instance, Evans has shown that minorities 
can acquire enough interactional expertise of 
mainstream culture to foil attempts to pick 
them out by questioning alone. This suggests 
that if minorities live by different values, it is 
not through ignorance but choice. 

Collins and Evans put their points vividly, 
with elegant language and diagrams. They 
admit that there is more to technological deci- 
sion-making than “sorting out the appropri- 
ate groups of experts” and that they are only 
addressing the technical phase of public con- 
troversies. They modestly claim to be only set- 
ting “the ball rolling”. 

Their book starts to lay the groundwork for 
solving a critical problem — how to restore the 
force of technical scientific information in pub- 
lic controversies, without importing disguised 
political agendas. a 
Robert P. Crease is a professor in and chairman 
of the Department of Philosophy, Stony Brook 
University, New York 11794, USA. 


Blurring our edges 


Enhancing Evolution: The Ethical Case for 
Making Better People 

by John Harris 

Princeton University Press: 2007. 260 pp. 
$27.95, £16.95 


Ending Aging: The Rejuvenation 
Breakthroughs That Could Reverse 
Human Aging in Our Lifetime 

by Aubrey de Grey and Michael Rae 

St. Martin's Press: 2007. 400 pp. $26.95 


Judy Illes 

Two new books explore the potential for 
improving the human condition, one from a 
medical-ethics viewpoint and the other from a 
more hands-on biogerontological perspective. 
Each identifies physical health and cognition 
as the key areas for attention in the short term, 
and each speculates on future possibilities for 
life extension — going well beyond what might 
be imaginable, or ethical, today. 

John Harris’s book Enhancing Evolution dis- 
cusses the future of humankind and of research, 
and looks at issues such as reproductive choice, 
designer children and disability. Harris system- 
atically analyses historical and contemporary 
writings to support his central claim that the 
pursuit of methods to enhance the human 
condition is a moral obligation. His treatment 
of opinions by conservative thinkers and phi- 


Could we all live longer than Japan's Yone Minagawa, who reached her 114th birthday? 
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losophers such as Leon Kass, Jiirgen Habermas 
and Francis Fukuyama is at times abrasive. But, 
whether or not one agrees with Harris’ posi- 
tion, he dissects their opposing claims with 
impressive effectiveness. He makes a persuasive 
case that today’s biotechnologies — including 
neuroengineering, stem-cell research and clon- 
ing to improve bodies and brains — are on the 
continuum of an age-long pursuit by humans 
to improve themselves and therefore, he argues, 
are permissible and morally essential. 

I question the author’s contention that 
choices such as non-medical sex selection can 
be as straightforward as picking a white shirt 
over a Hawaiian one, or that “inevitability is 
the only reason dying of old age is acceptable”. 
But I do agree that everyone — scientists, ethi- 
cists and the public — has a role in the research 
enterprise, not least because of benefit sharing. 
That is not to say that we should all be drafted 
into research, and certainly no end would jus- 
tify exploitation of children and people with 
diminished abilities, but service to society by 
its members is an honourable goal. 

Aubrey de Grey and Michael Rae’s End- 
ing Aging is a more ‘new-wave treatment of 
enhancement, longevity and immortality. 
Through chapters with catchy titles, such as 
‘Putting Zombies to Rest, and gripping lan- 
guage — “I shall look forward to shaking your 
hand ina future where engineered senescence 
is a reality” — the authors call for research that 
will deliver a life expectancy to match that of 
Methuselah, the oldest of the people whose age 
(969 years) is mentioned in The Bible. 

Ending Aging guides the reader through a 
maze of advances in molecular and cellular 
biology that could lead to anti-ageing therapies, 
which the authors term SENS (for ‘strategies 
for negligible senescence’). The targets are a 
range of cancer-causing nuclear and mitochon- 
drial mutations, intracellular and extracellular 
debris, and molecular crosslinks that contrib- 
ute to pathological decay over a lifetime. 

The authors rather unnecessarily brand 
ageing as repugnant and a curse, and use their 
book to preach on fund-raising opportunities. 
By contrast, de Grey’s 2005 publication on 
‘Life extension, human rights, and the rational 
refinement of repugnance’ in the Journal of 
Medical Ethics (co-edited by Harris) is still an 
edgy but more dignified treatise. 

The freedom to pursue ways to enhance 
human mental and physical capacities and 
to eliminate negative aspects of the human 
condition, such as suffering and death, is a 
fundamental tenet of the trans-humanist 
movement. Although seemingly worthy, there 
are problems ahead for the futurists, includ- 
ing for Harris, de Grey and Rae. At what age 
should life-prolonging measures begin — in 
utero, when development of the nervous sys- 
tem peaks in the mid-20s, or much later? What 
would become of natural rhythms in wisdom 
and folk psychology, and how will the roles 
of elders be redefined? Would we immortal- 
ize some and punish others by withholding 


352 


life-prolonging intervention — reconfiguring 
the term ‘life sentence and introducing new 
systems of justice for the parallel mortal and 
immortal populations? 

Will people be able to step off the immor- 
tality train when they are ready? Will suicide 
increase if we move life expectancy into the 
hundreds? We cannot remove longevity like 
a pair of spectacles. And abuse is reported by 
1-10% of old people surveyed, mostly directed 
against women. If society shows increasingly 
scant regard for centenarians, how will it treat 
people of 1,000 years old? 

Let’s not throw away today for tomor- 
row. Ending Aging is likely to appeal to those 
already converted to the authors’ views, and 


perhaps will find some traction among those 
who are more curious than interested in deeper 
scientific engagement. I end unconvinced by 
Harris's view, but my interest was piqued by 
the diverse ways in which physical and mental 
health, autonomy, culture, and respectful and 
caring community systems can be realized. 
After we have maximized human well-being 
and compressed morbidity to minimize suf- 
fering (see A. Kalache et al. Bull. World Health 
Organ. 80, 243-244; 2002), then let’s think 
about life extension, step-by-step, one decade 
at atime. a 
Judy Illes is professor of neurology at the 

National Core of Neuroethics, University of 
British Columbia, Vancouver V6T 2B5, Canada. 


Archimedes’ secrets revealed 


The Archimedes Codex 

by Reviel Netz & William Noel 
Weidenfeld & Nicolson/Phoenix/ 

Da Capo Press: 2007. 336/336/320 pp. 
£18.99 (hbk)/£8.99/$27.50 (pbk) 


Brian Clegg 
In April 2004, biologist Lewis Wolpert won 
a debate at the Royal Institution in London 
entitled “Who was the first scientist?’ He 
championed Archimedes. Although I reckon 
Roger Bacon comes closer to deserving that 
label, the result reflects the respect still felt 
for Archimedes’ work. Yet our knowledge 
of his output has never been complete. The 
Archimedes Codex describes the recent uncov- 
ering of text from the Archimedes canon not 
read since the parchment forming the codex 
was reused to make a prayer book in 1229. 
Only three of Archimedes’ books in the origi- 
nal Greek are known, two of which have been 
lost since first being transcribed. The third, this 


codex, had never been fully deciphered. Access 
to the earliest known version (from the tenth 
century) was important because ofa recent shift 
in interpretation of Greek texts. The Greeks 
approached mathematics visually. The diagrams 
and the exact wording used are crucial in under- 
standing the thinking of a Greek mathematician 
— yet when the lost Archimedes manuscripts 
were transcribed, no thought was given to cap- 
turing the visual nature of the information. 

In The Archimedes Codex, Reviel Netz and 
William Noel contribute alternate chapters, 
with Noel describing the history of the codex 
and the work undertaken to decipher it, and 
Netz exploring Archimedes’ mathematics. 
This discontinuous style is initially unnerving 
— both authors write in the first person, and it 
isn't clear that the T of chapter 1 is not the same 
personas the T in chapter 2. But it soon settles 
into an engaging account. 

Noel, director of the deciphering project, 
explains the intricacies of dealing with a manu- 
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Analysing the Archimedes palimpsest with different wavelengths of light. 
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EXHIBITION 


The liquid 
of life 


Josie Glausiusz 

Atlanta, Georgia, will run out of drinking water 
within the next four months if it doesn’t rain 
soon. The city is experiencing its driest year 
since 1931. Only a dramatic cut in water use 
can save the situation, officials announced in 
October. The average resident, like the average 
North American, uses between 227 and 340 
litres of water per day. 

Most of us would quickly use less water if we 
had to carry that much for miles every day on our 
heads in the type of brass jug toted by women in 
Jalalabad, Afghanistan. One such flower-etched 
vessel is on display at the American Museum 
of Natural History's new exhibition, Water: 
H,O=Life, and visitors are invited to lift it. Full, 
the jug weighs about 11 kilograms. | could barely 
raise it above my knees, let alone hoist it onto my 
head. Trudging home with hefty pitchers like this 
is a way of life for many: in some parts of sub- 
Saharan Africa, women spend between 15 and 17 
hours a week collecting water. 

Water: H,0=Life clearly conveys how vital water 
is to our existence, how imperilled we are without 
it, and how big the divide is between the affluent 
West, where water flows freely from taps at a 
cost of about a quarter of a US cent per litre, and 
poorer regions of the world, where shanty-town 
dwellers pay a premium for trucked-in water. 
State-of-the-art interactive video displays, the 
museum's dearly loved dioramas (one of alife- 
size polar bear on ice), maps and satellite images 
detail grim statistics. For example, 20 litres 
per day is the minimum amount of clean water 
required to meet basic human needs — drinking, 
cooking and hygiene. Some people in parched 
places have to survive on just 5 litres or less. One 
quarter of Mexico City’s residents have no access 
to tap water; others have only 1 hour a week. 

The exhibit's emphasis is on water 
conservation, often at the expense of the 
esoteric science of water or the politics of its 


script of this age and of uncovering the hidden 
text beneath the overwriting. His contribution 
has a personal tone ideal for the palimpsest 
story but rather too lightweight for scientific 
technicalities such as the mechanism of the 
multispectral imaging used to bring out the 
obscured text. Netz, a classicist at Stanford Uni- 
versity, makes less allowance for his audience. 
His valuable examples may warrant several re- 
readings for non-mathematicians. 

The most exciting of the discoveries in the 
newly deciphered text was Archimedes’ use 
of infinity. The Greeks were wary of infinity, 
a concept they endowed with implications of 
chaos and disorder. When infinity was con- 


Bottle perspective: 3 litres of source water are used to make 1 litre of bottled water. 


scarcity in many conflict zones. Information 
is largely pitched at the curious layperson or 
schoolchild — the show was instigated when 
a 2006 survey by the National Oceanic and 
Atmospheric Administration revealed alarming 
public ignorance. The beautifully designed 
displays excel at showing visitors how to save 
water and energy. A mound of plastic bottles 
explains that it takes 3 litres of water to produce 
a1-litre bottle of the stuff; and that 40% of them 
in the United States are filled with filtered tap 
water — at 1,000 times the price. 

The exhibit also artfully demonstrates the 
innovative methods that people are using 
to extract, conserve and purify water. More 
than 700 PlayPump water systems have 
been installed in rural South Africa and other 
sub-Saharan countries. Children spinning on 
these colourful merry-go-rounds 16 times per 
minute generate enough energy to pump about 
1,400 litres of water per hour from boreholes 
40 metres deep. (1 enjoyed hand-whirling a 
miniature PlayPump to fill a toy jerrycan froma 
tiny tap.) Perth in Australia gets 20% of its water 
supply from the Indian Ocean, desalinated with 
wind power. Windhoek in Namibia reclaims up to 
30% of its water from sewage. 

Some water-purification methods on display 


sidered in Greek mathematics, it was treated 
as potential infinity, rather than the real thing. 
A potentially infinite pile of logs will never run 
out — there are always more — but it contains 
a finite, ifindefinite, number. 

Before the codex was deciphered, it was 
thought that, apart from some playful consid- 
eration of true infinity by Galileo Galilei, the 
concept was hardly touched on until the nine- 
teenth century. Netz painstakingly retrieves 
text from the codex proposing that two infinite 
sets have the same size because the elements in 
them can be put in a one-to-one correspond- 
ence. Such sets are now said to have the same 
‘cardinality’, the modern concept that estab- 


©2007 Nature Publishing Group 


are delightfully low-tech. Bangladeshi women 
have cut cholera incidence in half using sari 
fabric, folded eight times, to filter bacteria from 
water. This, more than a century-and-a-half 
since the link was first made between cholera 
and polluted water. That connection prompted 
UK authorities to build separate water mains 
and sewerage tunnels emptying downstream 
into the Thames river, a system that is still in 
use. The Thames and Lee rivers now supply 
drinking water to 8.3 million residents in the 
London area every day. Alas, modernity does not 
always equal progress. Many times a year the 
antiquated system spews hundreds of millions of 
litres of untreated sewage directly back into the 
rivers. With some stretches of pipe more than 
100 years old, the city itself accounts for 25% 

of water leakage in Britain. Whether in sodden 
London or arid Atlanta, saving water is a hard 
habit to learn, it seems. a 
Josie Glausiusz is a New York-based science 
journalist and editor, and author of Buzz: The 
Intimate Bond Between Humans and Insects. 


Water: H,O=Life runs at the American Museum of 
Natural History in New York until 26 May 2008. 
It will then tour the United States, Australia and 
Canada until 2011. 


lishes that two sets are equivalent in magnitude. 
Yet here was Archimedes using this argument 
more than 2,000 years before Georg Cantor 
added it into the mathematical armoury. 
Netz also shows how Archimedes used a 
remarkable physical extension of geometry 
to calculate the area under a parabola, and 
undertakes some work based on a game called 
the stomachion (bellyache). However, it is 
Archimedes use of the infinite that has the 
biggest impact on our understanding of the 
history of mathematics and that best demon- 
strates the value of Netz and Noel’s work. ™ 
Brian Clegg is the author of A Brief History of 
Infinity and editor of www.popularscience.co.uk. 
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Use the calm between the storms 


To save lives and livelihoods, natural and social scientists must work with decision-makers and 
politicians in the time between natural disasters as well as during them. 


Steve Sparks 


Science has many roles in the forecast- 
ing and mitigation of natural hazards. It 
underlies technological solutions to giv- 
ing early warning, producing advice for 
authorities in areas at risk, and designing 
effective relief strategies. It also provides 
critical information for policy-makers 
and the public to help save lives and avoid 
economic losses. The fulfilment of these 
roles is in practice complex, and has not 
been entirely successful — as illustrated 
by recent events such as the 2004 Asian 
tsunami, the 2005 Pakistan earthquake, 
and Hurricane Katrina, which hit 
the United States in 2005. The 
time has come to do better as 
environmental change and 
population growth will increase 
vulnerability with the potential 
for many more disasters. 

Most human and finan- 
cial resources are expended 
in response to crises rather 
than in their prevention, and 
much energy is spent on shift- 
ing blame. Political interest in 
natural hazards is at its highest 
during and shortly after a disaster 
— when it is too late. Funding for 
prevention measures and prepared- 
ness is hard to come by when there has not 
been an arresting earthquake or volcanic 
eruption for a while, even though preven- 
tion is much more cost-effective. 

In a crisis, policy-makers are under 
pressure to be seen to be doing something. 
Poorly conceived or expensive initiatives 
are announced and enacted, sometimes 
with unintended consequences. Then ini- 
tiatives are quietly forgotten as the crisis 
declines and political agendas move on. 

Take the Asian tsunami. Immediately 
afterwards, many initiatives were pro- 
posed, such as the installation of a tech- 
nological early-warning system for the 
Indian Ocean, similar to the existing 
one in the Pacific. Although this system 
is now progressing through the auspices 
of the Intergovernmental Oceanographic 
Commission, many coastal communities 
in southern Indonesia remain vulnerable 
to earthquakes and tsunamis. They are too 
close to the active faults for the early-warn- 
ing systems to be effective and complex 
socioeconomic issues typical of develop- 
ing-world communities must be addressed 
to reduce vulnerability. 


Lew 


In the United Kingdom, David King 
convened the Natural Hazard Working 
Group of scientists in 2005, and recom- 
mended the creation of an international 
panel to assess global natural hazards. This 
in turn was proposed by the United King- 
dom at the G8 meeting at Gleneagles in 
2005. Putting the well-received King pro- 
posals into practice has been slow. A scien- 
tific policy committee is being established 
within the framework of the International 
Strategy for Disaster Reduction (ISDR) of 
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the United Nations. But this committee 


does not seem to have the vital function of 
assessment as proposed by the King group. 
Once again, as memories of the disasters in 
2004 and 2005 fade, the issue slips down 
government agendas. 

Another problem is that successful miti- 
gation is rarely noticed. Only failures and 
disasters hit the headlines and get political 
attention. It is much harder to demonstrate 
that economic losses have been prevented 
and lives saved than to count deaths and 
debts. 

There are examples of mitigation suc- 
cess stories that deserve highlighting. In 
1991, tens of thousands of lives were saved 
by the timely evacuation of the area around 
Mount Pinatubo in the Philippines, a few 
days before one of the largest explosive vol- 
canic eruptions of the twentieth century. 
Likewise, policies that enforce building 
codes for earthquake resistance, as exem- 
plified in California, have saved many 
lives, mostly in the developed world. That 
said, simple shelters built on artificial high 
ground on the floodplains of the river 
Ganges have greatly increased community 
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resilience and saved tens of thousands of 
lives in Bangladesh. 

A significant problem for the effective 
interaction of scientists and policy-makers 
is the rapid turnover of government offi- 
cials and politicians. New governments, at 
least in democracies, alter policies and pri- 
orities. In many systems, civil servants and 
ministers frequently change posts every 
two or three years and the task of bringing 
the new people up to speed on the science 
must begin again. 

So how might we develop policies care- 
fully and continuously rather than in 
response to crises? Structures should 
be built that allow long-term pro- 
vision of scientific advice, and 

analysis of hazards, risks and mit- 
igation strategies in between dis- 
asters. The appointment of chief 
scientific advisers to the major 
government departments in the 

United Kingdom is an example 

of a step in the right direction. 

Governments need to ensure 

that the assessment activities and 
Ft relevant scientific institutions are 
well funded, that they act on the 
advice with adequate funding, and 

that hazards remain on the agenda 
at all times. There is an urgent need 

for cooperation between social and 
natural scientists, as it is human activities, 
infrastructure and behaviour that control 
vulnerability and turn hazards into risks, 
resulting in major disasters. 

Internationally, there must be more 
cohesive scientific input to inter-govern- 
mental policy-making. The King commit- 
tee’s argument for an international panel 
on natural hazards remains compelling. 
Plans for a science policy group within 
the ISDR are necessary, but not sufficient. 
There also needs to be more recognition 
that natural disasters are more than a 
development issue. Recent disasters such 
as this year’s flooding in Britain and the 
wildfires in California are a reminder that 
natural hazards affect developed as well as 
developing nations. 

Mitigation of natural hazards remains 
inadequately supported through interna- 
tional advisory structures. It seems that the 
Asian tsunami was not a strong enough 
wake-up call. i 
Steve Sparks is professor of geology at the 
University of Bristol, Bristol BS8 1RJ, UK. 


For more essays and information see http://nature.com/ 
nature/focus/scipol/index.html. 
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A receptor unlocked 


Stephen R. Sprang 


G-protein-coupled receptors govern many biological functions, yet little is known about the molecular 
basis of their activity. The structure of a prominent example of these receptors is now revealed. 


The pounding heart and speeding metabolism 
that accompany fear and fury are the work of 
the adrenaline molecule, which is produced by 
the adrenal gland at times of stress. Adrenaline 
is an agonist — an activator — of B,-adrenergic 
receptors (B,ARs). Embedded in cell mem- 
branes in many tissues, these receptors con- 
trol diverse effects, such as rapid pulse, pupil 
dilation and constriction of the blood vessels. 
But the B,AR has even broader relevance to 
biologists, because it is the archetypal member 
of a family of more than a thousand G-protein- 
coupled receptors (GPCRs)'. When stimulated 
by agonists, GPCRs activate the eponymous 
G proteins that are tethered to the inner sur- 
face of the cell membrane. The G proteins in 
turn initiate cascades of biological signals that 
control such processes as gene expression, 
metabolic activity and cell movement. 

The remarkable flexibility of GPCRs allows 
them to adopt several different states of activ- 
ity’, but also makes it difficult to determine 
their three-dimensional structures. To date, 
only the structure of rhodopsin — a receptor 
involved in the perception of light, and the 
most stable GPCR known — has been avail- 
able*. Reporting in this issue (Rasmussen et 
al.*, page 383) and in Science (Cherezov et al.° 
and Rosenbaum et al.°), several collaborating 
research groups now describe the structure 
of B,AR. 

Like rhodopsin, 6, AR consists of a protein 
chain that threads through the cell membrane 
seven times, forming a bundle of transmem- 
brane helices (TM1-7, Fig. 1). Peptide loops 
connect the helices; those exposed on the out- 
side of the cell membrane enfold the agonist 
binding site, whereas those on the inside of the 
cell form the binding site for G proteins. The 
G-protein binding site is formed in part from 
the peptide chain (known as IC3) that connects 
TM5 and TM6. It is thought that agonist bind- 
ing induces subtle bending and twisting of the 
TM helices, particularly of TM3 and TM6, so 
exposing the G-protein binding site. 

Without light to stimulate it, rhodopsin 
becomes completely dormant. But B,ARs — in 
common with many other GPCRs — retain 
some activity in the absence of their agonists. 
This ‘constitutive’ activity can be partly 
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helices 
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lonic lock 


Figure 1| Structure of a G-protein-coupled 
receptor. The cartoon shows the partial crystal 
structure of a modified B,-adrenergic receptor 
(B,AR), as reported by Cherezov et al.°. Seven 
helices (TM1-7) cross a cell membrane, although 
TMS is not shown as it would obscure the other 
helices. Ligand molecules bind at a site between 
TM3 (blue) and TM6 (green); carazolol was 
used to stabilize the site in order to obtain this 
structure. The amino acids just below carazolol 
form a ‘toggle’ that stabilizes the inactive state 
of the receptor. The amino acids indicated at the 
bottom can form an ‘ionic lock that performs 
the same function, but this crystal structure 

and that of Rasmussen et al.* show that the lock 
is broken in B, AR. Water molecules occupy a 
loosely packed channel; this may provide room 
for movement of the TM helices upon activation 
of the receptor, and allow binding of a G protein 
near the base of TM5 and TM6. 


repressed by so-called inverse-agonist mol- 
ecules, such as carazolol. Moreover, not all 
GPCR agonists are equal, as some elicit higher 
activity levels than others. This variable recep- 
tor output might occur because different 
molecules interact with the agonist binding site 
in different ways. 

The various molecular binding modes 
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seem to be coupled to specific ‘triggers’ within 
GPCRs’. One such trigger is the ‘ionic lock’ 
— an electrostatic interaction between a triad 
of charged amino acids that tether TM3 and 
TM6 together. The ionic lock stabilizes the 
inactive state of the receptor (Fig. 1). The spe- 
cific amino acids that form the lock are similar 
in most GPCRs; mutations that change this 
sequence can disrupt the lock and increase the 
constitutive activity of B,AR. A second trigger, 
called the toggle, is also known, and is thought 
to involve a cluster of amino acids that are 
in contact with the agonist binding site. The 
toggle also seems to constrain the receptor in 
an inactive state; it is thought to be released 
when strong agonists bind to the receptor. 

The molecules that bind to B,AR can induce 
distinct conformational changes in the recep- 
tor, depending on the nature of their inter- 
actions. There is growing evidence that these 
different conformational states might have 
signalling functions in the cell other than just 
G-protein activation. But to understand how 
agonist binding couples to different confor- 
mational states, it is essential to determine the 
structure of the receptor at atomic resolution 
using X-ray crystallography. 

Unfortunately, GPCRs are difficult to crys- 
tallize, because their ‘greasy’ hydrophobic 
surfaces do not readily make the regular inter- 
molecular contacts required for crystal forma- 
tion. Moreover, naturally occurring GPCRs are 
strongly coupled to cell membranes, which 
probably perturb the receptors’ structures. This 
means that GPCRs crystallized in the absence 
of membranes don't necessarily have the same 
structure as those in situ. The authors of the 
current papers* “all used the inverse agonist 
carazolol to stabilize the receptor structure, but 
two different methods were used to obtain a 
receptor complex that could be crystallized. 

Rasmussen et al.* embedded B,ARs in nano- 
metre-sized lozenges called bicelles, which are 
made from bilayers of fatty molecules similar 
to those that constitute cell membranes. To 
provide a large, polar surface suitable for crys- 
tal-lattice formation, the 8, AR molecules were 
obtained as complexes with an antibody frag- 
ment that specifically binds to the IC3 loop. 
The antibody fragment does not interfere with 
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agonist binding or with the conformational 
changes that accompany receptor activation’. 
Intense, micro-focused X-ray beams produced 
by synchrotrons were required to tease out the 
diffraction data from which the crystal struc- 
tures were derived. 

Cherezov et al.” used an alternative approach. 
They replaced the IC3 loop of §8,AR with 
a small, stable protein known as T4 phage 
lysozyme (T4L). The T4L protein promotes 
crystal-lattice formation in the same way as the 
antibody fragment used by Rasmussen et al.*. 
The modified receptor, bound to carazolol, was 
crystallized in a semi-solid lipid medium that 
provided an artificial, membrane-like environ- 
ment for the receptor. Synchroton X-rays were 
also required in this case to obtain good-quality 
diffraction data. The results of these investiga- 
tions are described by Rosenbaum ef al.°. 

A surprise finding from the crystal struc- 
tures*” is that the ionic lock is broken (as 
expected in an active state) despite the pres- 
ence of an inverse agonist (which promotes the 
inactive state). Had only one crystal form of 
BAR been available, it could have been argued 
that this was an artefact of the experimental 
conditions — either a consequence of the artifi- 
cial lipid environments, or because of perturba- 
tion of IC3. But because the lipid supports and 
1C3 region are different in each structure, it is 
unlikely that the same misleading result could 
have occurred in both cases. Moreover, the TM 
regions in both structures align well with each 
other, further corroborating the results. 

Thus, the weak constitutive activity of B,AR 
might be attributed to the breaking of the ionic 
lock; this can be compared with rhodopsin, 
which retains the lock and shows no such 
activity. In contrast, the toggle is intact in the 
two B,AR structures, just as it is in inactivated 
rhodopsin, despite considerable differences in 
the binding modes adopted by the ligand mol- 
ecules for these two GPCRs. Perhaps stronger 
inverse agonists than carazolol would stabi- 
lize the ionic lock and fully inactivate B,AR, 
whereas agonists would release both lock and 
toggle. But these speculations have yet to be 
confirmed. 

The crystal structures** reveal several other 
interesting clues to 8, AR behaviour. For exam- 
ple, many of the amino acids that produce 
constitutive activity are known to respond to 
agonist binding, but are not directly connected 
to the agonist binding site. It can now be seen 
that these residues are linked to the binding site 
via packing interactions®, so that movement 
of amino acids in the binding site could affect 
the packing of others throughout the structure 
(Fig. 1). Furthermore, a water-filled channel 
in the core of the receptor offers space for 
structural rearrangement, which could enable 
the receptor to adopt several different active 
states. Finally, the capacious agonist binding 
site is compatible with the existence of several 
molecular binding modes, each with the poten- 
tial to trigger a different state in the receptor. 

To learn how structural changes are conveyed 
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from the agonist pocket to the G-protein 
binding site, the structure of the fully active, 
agonist-bound B,AR must be determined. The 
instability of the activated receptor will make 
this difficult — in fact, it may be possible to 
resolve the structure of a receptor only if it is 
bound to a G protein. Nevertheless, with the 
structures*° of B,AR in hand, we can expect 
those of other GPCRs to follow, so that the 
conformational complexities common to the 
members of this family of receptors might 
finally be revealed. g 
Stephen R. Sprang is at the Center for Biomolecular 


Structure and Dynamics, University of Montana, 
Missoula, Montana 59812, USA. 
e-mail: stephen.sprang@umontana.edu 
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PLANETARY SCIENCE 


Isotopic lunacy 


Alex N. Halliday 


The Moon could have been derived from a well-mixed disk of rock vapour 
that was produced after the early Earth collided with another planet. This 
persuasive idea offers a fresh perspective on the history of both bodies. 


“Tt is the very error of the moon; She comes 
more nearer earth than she was wont; And 
makes men mad.” Thus spoke Othello, who 
was talking of a murderous madness. For 
30 years scientists have been gripped, albeit 
with less deadly consequences, by a maddening 
paradox to do with the Moon: how near its oxy- 
gen-isotope composition is to that of Earth. 

It is generally agreed that the Moon formed 
ina giant impact between Earth and another, 
smaller body. But previous simulations of that 
event show that, dynamically, the Moon should 
be largely derived from the smaller body, in 
which case its oxygen isotopic composition 
should be different from that of Earth. Writing 
in Earth and Planetary Science Letters, Pahlevan 
and Stevenson’ put forward an explanation for 
the oxygen-isotope paradox: they propose that 
the giant impact produced a disk of rock vapour 
within which the atoms were able to mix before 
the lunar component condensed out. 

The scientific context of this story goes back 
to the discovery of large variations in the iso- 
topic composition of oxygen in meteorites’, 
which occurred at about the same time as lunar 
samples were being returned by Apollo astro- 
nauts. These variations are so large that they 
can readily be used to identify which mete- 
orites come from the same planet or asteroid. 
Lunar samples were found to have a terrestrial 
isotopic composition’, which was taken as evi- 
dence that the Moon was derived from Earth’. 
But the evidence from dynamic simulations is 
that most of the mass of the Moon came from 
another planet, Theia, that hit the early Earth 
with a glancing blow’. 

The isotopic composition of every element 
studied so far is the same in lunar samples as 
it is in samples from Earth, apart from elements 
that would change because of radioactive 
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decay, or through the effects of cosmic rays 
or the charged particles of the solar wind. But 
the background Solar System heterogeneity 
is far bigger for oxygen than for most other 
elements’. So, with the development of 
more precise techniques, a further analysis of 
lunar samples aimed to resolve an Earth-Moon 
oxygen-isotope difference that it was thought 
must surely exist at some finite level*. Far from 
doing that, however, samples from the two 
bodies were found to be identical to within 
better than five parts per million. One expla- 
nation was that Theia must have formed from 
the same mix of material as Earth. 

Pahlevan and Stevenson’s dynamic simu- 
lations’ of Solar System formation build on 
previous work in assuming that, based on the 
measured difference between Earth and Mars, 
an oxygen-isotopic gradient existed within the 
early planetesimals of the circumstellar disk. 
This is a reasonable assumption, but might not 
be easy to test at the required precision until 
samples are returned from sizeable bodies such 
as Mercury and Venus. The obvious test at 
present involves a class of meteorites that were 
probably derived from the asteroid 4 Vesta. 
The oxygen-isotope data for these meteorites 
do not fit with the proposed radial-gradient 
model. But this can be explained if, as seems 
likely, Vesta has migrated outwards from the 
innermost Solar System. 

Based on this putative gradient, the new 
calculations’ show that it is unlikely for two 
bodies such as Theia and Earth to have had 
the same bulk isotopic composition. Indeed, it 
is hard to imagine how they could have formed 
from the same mix of primordial matter unless 
they grew at exactly the same distance from 
the Sun, which in turn raises the question of 
why it took them so long to collide. Tungsten- 
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Figure 1| The big mix-up. According to Pahlevan and Stevenson’s model’, the immense energy 
released in the collision between the early Earth and another body vaporized Earth's outer, silicate 
portion and created an internal ocean of liquid magma. The material from which the Moon eventually 
formed was a disk of magma created in the impact, and derived from the impacting body, which was 
connected to Earth by a shared atmosphere of silicate vapour. Through the processes of turbulent 
convection and exchanges between the different phases driven by heat loss, matter from the two bodies 
became well mixed on a timescale of 10°-10° years. This scheme can account for the fact that although 
the oxygen-isotope content of both the proto-Earth and the impactor were probably dissimilar, those 
of today’s Earth and Moon are virtually identical. (Derived from Fig. 3 of ref. 1.) 


isotope measurements indicate that the Moon 
did not form until about 4.5 billion years ago, 
more than 40 million years after the birth of 
the Solar System’. 

The energy released when sizeable worlds 
collide is astonishing by geological standards. 
The giant impact would almost certainly have 
melted most of the Earth and produced a 
magma ocean’. Much of the Earth and Theia 
may have been vaporized. Pahlevan and Ste- 
venson' calculate that over the time required 
for the disk of vapour to cool and condense, the 
atoms of the silicate portion of Earth — that is, 
everything but the metal core — would have 
been vigorously and repeatedly stirred, mix- 
ing with the atoms of the disk and eliminating 
isotopic variations (Fig. 1). 

Support for Pahlevan and Stevenson's theory 
comes froma study* of silicon isotopic compo- 
sitions, which differ in meteorites and samples 
from the silicate Earth. The latter are fraction- 
ated to heavier isotopic compositions, and this 
is thought to have been caused by equilibra- 
tion with silicon that was incorporated into 
Earth's core under very high pressures and 
temperatures. Theia was a small (Mars-sized) 
planet that should have had a silicon isotopic 
composition like that of meteorites and Mars. 
However, the Moon's composition is heavy, 
like that of the silicate Earth* — which is hard 
to explain unless Pahlevan and Stevenson are 
correct and there was large-scale equilibration. 

If they are indeed right, it means that cer- 
tain features of the Moon’s composition reflect 
those of the early Earth. So, since the first lunar 
samples were returned, we have, without real- 
izing it, been analysing a unique archive about 
our own planet — a body that has lost almost 
all traces of its early development with 4.5 bil- 
lion years of subsequent bombardment, mantle 


convection and geological reprocessing. 

The new theory raises lots of questions. 
For example, it is unclear whether all isotopic 
systems would have been efficiently mixed. 
Mixing is related to volatilization, so highly 
refractory elements might still show differ- 
ences. Exploring this possibility will probably 
require improvements in mass spectrometry 
to resolve tiny isotopic differences — unlike 
oxygen, most elements in the periodic table 
have an almost identical proportion of iso- 
topes, whether measured on a lump of the 
Empire State Building or a meteorite from the 
asteroid belt. 

Another issue is that, although the Moon is 
isotopically identical to Earth, it is chemically 


different. In particular, it is far more depleted 
in volatile elements such as alkalis, even though 
these elements should have mixed especially 
efficiently. This can be explained if volatiles 
were somehow lost from the hot disk from 
which the Moon condensed. But other differ- 
ences are harder to account for. The iron con- 
tent of lunar basalt rocks is higher than that of 
Earth's and more like those of Mars’ and Vestas. 
This is thought to reflect a higher iron content 
in the lunar mantle. The lower iron content of 
Earth’s mantle was thought to reflect an early, 
less-oxidized stage in the growth of the Earth”. 
However, if the Moon is essentially a sample 
of Earth at the time of the giant impact, it may 
indicate that Earth’s mantle originally had a 
higher iron content that was subsequently 
depleted by formation of the core. 

The ramifications of Pahlevan and Steven- 
son's model’ extend well beyond these issues. 
Testing and developing this exciting new 
theory will be priorities over the coming years 
— the maddening paradox may well be about 
to generate a new wave of highly creative 
science. a 
Alex N. Halliday is in the Mathematical, Physical 
and Life Sciences Division, University of Oxford, 
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EPIGENETICS 


Reversing the ‘irreversible’ 


Richard S. Jones 


“Do not speak — unless it improves on silence” is generally wise advice, 
and is even vital for a subset of essential genes. New studies describe how, 
when appropriate, the silence of these genes is broken. 


In cellular tissues, it is essential that certain 
genes are turned on in appropriate cells but 
remain silent in others. For years, the dogma 
has been that some forms of gene silencing are 
irreversible, or at least extremely stable. One 
such form of silencing is mediated by the Poly- 
comb group of proteins, which repress gene 
expression partly by altering the structure of 
chromatin — complexes of DNA and histone 
proteins. Such repression can be achieved by, 
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for example, adding a specific molecular tag to a 
histone. Five papers’, including one by Jepsen 
et al.' on page 415 of this issue, now describe 
how enzymatic removal of one molecular tag 
reverses the silencing of gene expression that is 
mediated by the Polycomb group. 

It has long been known that the way genes 
are packaged inside the nucleus of a cell can 
determine their expression (transcription). 
Molecular tags on histones have crucial roles 
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in controlling the activity of associated genes; 
such tags include acetyl, methyl and phosphate 
groups. Each of these tags may be added to or 
removed from specific amino acids in histones. 
The particular array of tags on histones at a 
specific genomic location may either facilitate 
or hinder the binding of regulatory proteins to 
DNA, resulting in the activation or inhibition 
of transcription’. 

Of the various types of histone modification, 
methylation is the most stable. For example, 
precise patterns of trimethylated lysine residues 
at positions 9 or 27 of the amino-acid sequence 
of histone H3 can be maintained through many 
cell cycles in specific cell lineages, preserving 
the silenced state of the associated genes. How- 
ever, in recent years, several enzyme groups 
that remove methyl tags from histones have 
been identified. The largest group of these 
histone demethylase enzymes is character- 
ized by a catalytic structural domain called 
JmjC (refs 7, 8). Each of these JmjC-contain- 
ing enzymes removes a methyl group from a 
specific lysine residue of histone H3. 

The only enzymes that methylate lysine 
27 of histone H3 are members of the Poly- 
comb group of transcriptional repressors’. 
The mammalian methylase enzyme for this 
reaction is EZH2, which functions as part 
of a protein complex called PRC2, adding 
a trimethyl group to lysine 27. This leads 
to the recruitment of other Polycomb- 
group proteins and silencing of target genes 
(Fig. 1a). These include genes that are essential 
for regulating developmental pathways, such 
as HOX genes. 

The reversible nature of Polycomb-group- 
mediated gene silencing and the significance 
of this regulatory plasticity for develop- 
ment and other physiological processes have 
become apparent only recently”. But because 
no demethylase enzyme had been identified 
for trimethylated lysine 27 of histone H3, there 
was a growing sense that Polycomb-group- 
mediated gene silencing might be reversed 
only by the slow loss of the trimethyl group 
from this lysine residue during cell prolifera- 
tion, following removal of the PRC2 protein 
complex from target genes. 

The new studies’? change this view, demon- 
strating that the trimethylated lysine is 
specifically demethylated by two similar 
JmjC-containing enzymes — JMJD3 and UTX. 
Both of these demethylases are components of 
MLL protein complexes, which antagonize 
Polycomb-group-mediated gene silencing 
(Fig. 1b). 

The SMRT gene is known to be associated 
with neuronal development, and Jepsen et al.' 
studied the brains of mouse embryos in which 
SMRT was deleted and also cultured cells 
derived from them. They found that the prod- 
uct of this gene is needed to maintain neural 
stem cells in their undifferentiated state. They 
also found that SMRT-deficient progenitor 
cells have a strong tendency to differenti- 
ate either into neurons or into non-neuronal 


Figure 1 | Reversal of Polycomb-group silencing 
by demethylases. DNA (blue) wraps around 
histone proteins (brown spheres) to form 
nucleosomes, the building-blocks of chromatin. 
a, In the silenced state, the PRC2 complex, 
which contains Polycomb-group proteins, 
binds to target genes and adds three methyl 
groups (Me) to histone H3 at lysine 27 (K27). 

A second Polycomb-group-containing 
complex, PRC1, is recruited, partly because 

a component of this complex has a specific 
affinity for histone H3 trimethylated at K27. 
Consequently, PRC1, and possibly other 
Polycomb-group proteins, prevent transcription 
of the genes associated with this lysine. b, Five 
studies’ suggest that such gene silencing 
might be rapidly reversed by the MLL class 

of protein complexes, which contain either 

of two histone demethylase enzymes, JMJD3 
and UTX. The binding of MLL complexes to 
regions containing histone H3 trimethylated 

at K27 is associated with displacement of PRC2, 
allowing JMJD3 or UTX to actively demethylate 
this particular lysine. Consequently, the 
association between PRC1 and the target 

gene is destabilized, permitting gene 
transcription and additional modifications 

that also promote transcription. 


brain support cells called glia. The authors 
explain these observations in terms of a direct, 
inhibitory effect of the SMRT protein on the 
expression of JMJD3. 

The SMRT protein is a co-repressor that 
works with a nuclear receptor known as the 
retinoic-acid receptor to prevent expression 
of retinoic-acid-responsive genes. Treatment 
of normal cells with retinoic acid results in the 
dissociation of SMRT from the retinoic-acid 
receptor, triggering JMJD3 expression. Jepsen 
et al. suggest that, in turn, JMJD3 removes the 
trimethyl group from lysine 27 of histone H3, 
thereby contributing to the de-repression of 
several genes that trigger neurogenesis. This 
seems to happen while the levels of the EZH2 
methylase enzyme remain constant. 

Through this model, Jepsen and colleagues 
propose a mechanism by which histone 
tags added by Polycomb-group proteins are 
rapidly removed in response to retinoic-acid 
signalling. Consequently, neural stem cells are 
released to take on more specialized roles. 

Two other studies” report that retinoic-acid 
signalling leads to the recruitment of another 
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enzyme that demethylates lysine 27 — UTX. 
This enzyme acts on multiple HOX genes in 
cultured human embryonic teratocarcinoma 
cells, causing displacement of EZH2, demethy]- 
ation of lysine 27 and de-repression of the HOX 
genes. When mouse embryonic stem cells are 
treated with retinoic acid, EZH2 is rapidly dis- 
placed from retinoic-acid-responsive genes 
and the histone H3 lysine 27 residues associ- 
ated with these genes are swiftly demethylated. 
Intriguingly, these changes are much slower in 
genes that are not retinoic-acid responsive”. 
This suggests a dual mode of ‘reawakening’ 
Polycomb-group-silenced genes in stem cells: 
a fast mode of de-repression, possibly involv- 
ing demethylation of lysine 27 by JMJD3 or 
UTX; and a slow mode resulting from passive 
diminution of trimethylated lysine 27 in the 
absence of PRC2. 

A further study’ finds that the JMJD3 
demethylase also participates in regulating 
the differentiation of bone-marrow cells and 
the activation of immune-system cells called 
macrophages. When macrophages are exposed 
to bacterial products or other activators, JMJD3 
expression is induced by a transcription fac- 
tor called NF-«B, facilitating the activation 
of a Polycomb-group-silenced gene, BMP-2. 
So both the retinoic-acid receptor and NF-KB 
can trigger JMJD3 expression, suggesting that 
JMJD3 is regulated by different external stimuli 
in different cell types. In both cases, however, 
the targets of JMJD3 are discrete sets of genes 
that were initially silenced by Polycomb-group 
proteins. 

Clearly, the identification of two demethyl- 
ases for lysine 27 of histone H3 is only the 
first step in understanding their antagonistic 
relationship with Polycomb-group silencing 
proteins. Many questions remain concern- 
ing targeting of these enzymes to specific 
genes, their roles in the initial establishment of 
patterns of trimethylated lysine 27, and other 
factors with which they might interact to initi- 
ate transcription. Moreover, genetic analysis of 
JMJD3, UTX and their homologues in other 
species will probably reveal other developmen- 
tal and physiological processes that depend 
on the reversal of Polycomb-group-mediated 
gene silencing. a 
Richard S. Jones is in the Department of 
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CARBON CYCLE 


Quick burial at sea 


Caroline A. Masiello 


The amount of river-borne carbon that is buried upon reaching the sea affects 
Earth's atmospheric composition. A study of rivers draining the Himalaya 
shows that carbon burial may occur more efficiently than was thought. 


It’s a popular misconception that the con- 
centration of oxygen in Earth’s atmosphere is 
controlled by photosynthesis. Photosynthesis 
is certainly the source of atmospheric O,, but 
the amount it produces is in almost perfect 
balance with the amount consumed through 
the respiration of living organisms. It is only 
when organic matter is buried in ocean 
sediments, and so ceases to be decomposed, 
that atmospheric O, can accumulate. This 
burial process also reduces the levels of the 
greenhouse gas carbon dioxide released into 
the atmosphere. The exact rate of organic- 
matter burial is therefore a significant deter- 
minant of atmospheric composition, and thus 
global climate, over geological timescales. 

On page 407 of this issue, Galy et al.' bring 
a new perspective on how organic carbon 
is stored in sediments. They show that the 
Ganges—Brahmaputra river system, which 
drains the Himalaya, interacts with the 
sediments deposited by the rivers’ waters in 
the Bay of Bengal — the ‘Bengal fan’ — so as 
to store organic carbon more efficiently than 
studies on other river systems had suggested 
would be the case. 

The fact that organic matter can be stored 
at all in ocean sediments is something of a 
surprise. Heterotrophic organisms (those that 
acquire their carbon from other organic mat- 
ter, rather than synthesizing it themselves from 
inorganic sources) operate highly efficiently in 
the oceans, tightly recycling carbon and nutri- 
ents in the ocean's surface layers. Less than 1% 
of photosynthesized organic matter makes 
it down to the surface of ocean sediments’, 
and what carbon does hit the seafloor enters 
a voracious ecosystem that makes short work 
of almost all of it’. The little burial of organic 
matter that does take place occurs in river del- 
tas and at continental margins. In addition, 
rivers deliver more than enough carbon to the 
oceans to account for the total amount of car- 
bon stored in sediments’. These two facts have 
long raised suspicions that terrestrially derived 
organic matter is a significant source of the car- 
bon preserved in marine sediments. 

But data from rivers and coastal sediments 
have created a more complex picture. In par- 
ticular, measurements made in the world’s 
largest river system, the Amazon, have shown 
that even the strongest bonds between miner- 
als and organic matter formed in soils can be 
broken during transport and deposition at the 
river-ocean margin. This causes terrestrial car- 
bon in mineral surfaces to be replaced, at least 
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in part, by marine carbon’. Indeed, the fan of 
sediment spreading out from the mouths of the 
Amazon has been called a “gigantic sedimen- 
tary incinerator”® for its efficiency at destroy- 
ing both marine and terrestrial organic matter, 
preventing their burial at sea. There had been 
hints that other types of river — in particular, 
mountainous rivers on active tectonic margins 
such as those draining the Himalaya — export 
and store carbon differently from the Ama- 
zon”*. But these rivers are individually small, 
making it difficult to place their stories in a 
globally significant context. 

In their studies of the Ganges-Brahma- 
putra system, Galy et al.’ use the relationship 
between organic-carbon content and the ratio 
of aluminium to silicon in river and Bengal 
Fan sediments as a marker for the amount of 
organic matter these particles contain. They 
find that this relationship remains the same 
from the rivers’ youthful stages right through 
to sediment deposition in the ocean (Fig. 1). 
Coupling this information with earlier stud- 
ies using sedimentary biomarkers that showed 
no evidence of the storage of marine organic 
carbon in Bengal-fan sediments’, Galy et al.’ 
conclude, reasonably, that the terrestrial 
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organic matter is stored in the Bengal fan 
very efficiently — in contrast to the picture of 
destruction at the mouths of the Amazon. 

The authors attribute this efficiency to the 
Bengal fan’s rapid sedimentation rate, which 
restricts the sediments’ exposure to oxygen, 
effectively cutting off microbial decomposi- 
tion of organic matter. They further argue that 
the driver for the rapid sedimentation is the 
fast erosion resulting from tectonic uplift in 
the Himalaya, an argument that meshes with 
hypotheses previously published for much 
smaller rivers draining tectonically active 
margins’. 

But is this all there is to it? Those of us who 
study the river transport of organic matter to 
the ocean make the unstated assumption that 
carbon loading does not vary with the soil 
properties of the particular river basin. We 
assume that rocks break apart into soil miner- 
als, soil minerals load with organic matter, and 
organically coated minerals are exported to 
rivers by essentially the same mechanisms the 
world over, with soil type and degree of devel- 
opment influencing the final storage outcome 
only insignificantly. Yet soil scientists know 
that soil mineralogy has an important part in 
determining the mechanisms and durability of 
organo-mineral bonds: for example, the effec- 
tiveness of carbon storage in soil varies greatly 
with the degree of soil weathering”. 

The Amazon and Ganges—Brahmaputra 
river systems are ideal for testing the effect 
of river-basin soils on the storage of organic 
carbon in delta sediments, because they drain 
environments that represent two extremes of 
soil development. The Amazon basin is domi- 
nated by Oxisols, the most highly weathered 


Figure 1| From mountains 
tothe sea. In the 
Ganges-Brahmaputra 
river system, particles 
eroded from the 
Himalaya weather 

and become loaded 

with organic carbon in 
the ecosystems of the 
drainage basin. With their 
coatings of terrestrial 
carbon intact, these 
particles are delivered 

to the ocean floor off 

the coast of Bangladesh. 
Galy and colleagues’ 
study’ indicates that the 
carbon content of these 
sediments is efficiently 
preserved in the Bengal 
sedimentary fan, 
preventing this carbon 
from being released to the 
atmosphere as CO,,. 
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type of soil, whereas the Ganges-Brahmaputra 
basin is dominated by Inceptisols, one of the 
least weathered soil orders. Understanding the 
influence of river-basin soils on the storage of 
carbon in ocean sediments will require the 
effective integration of soil data into the field of 
oceanography. Carbon-coated minerals travel 
from mountains through ecosystems to rivers 
and ocean sediments: perhaps understanding 
these particles’ history will help us predict their 
sedimentary fate. a 
Caroline A. Masiello is in the Department of Earth 
Science, Rice University, Mail Stop 126, 

6100 Main Street, Houston, Texas 77005, USA. 
e-mail: masiello@rice.edu 
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MICROBIOLOGY 


Pathogen drop-kick 


Suzanne Pfeffer 


To set the scene for its replication, the bacterium Legionella pneumophila 
exploits its host cells’ Rab1 protein. This pathogen seems to use minimal 
resources to mimic the normal cycle of Rab1 activity. 


The bacterium Legionella pneumophila is 
the main agent responsible for both Legion- 
naires’ disease, which leads to pneumonia, 
and Pontiac fever, an illness that resembles 
acute influenza. This pathogen is engulfed 
by immune cells known as macrophages 
and, once inside, exploits proteins mediating 
intracellular trafficking to form an organelle 
called an L. pneumophila-containing vacuole, 
or LCV. The bacterium then replicates 
inside the LCV. Two papers’”, including 
one by Ingmundson and colleagues that 
appears on page 365 of this issue, provide 
insight into how L. pneumophila uses one 
host-cell protein to form LCVs. 

Among the proteins that mediate intra- 
cellular trafficking are Rabs; the human 
genome encodes about 70 of these pro- 
teins’. Rabs are involved in organizing 
membranes for the formation of vesicu- 
lar carriers, the transport of these vesi- 
cles between cellular compartments and 
vesicle fusion with the membrane of tar- 
get cellular compartments. Rab proteins 
interconvert between an active, GTP- 
bound state and an inactive, GDP-bound 
form. To activate a Rab protein, enzymes 
known as GEFs exchange its bound GDP 
nucleotide for a GTP, whereas for Rab 
inactivation, enzymes known as GAPs 
help Rabs hydrolyse Rab-bound GTP to 
produce GDP. 

So the Rab cycle of activity goes as 
follows. An active, GTP-bound Rab 
uses two 20-carbon-long ‘anchors’ to 
bind to the membrane surface of dis- 
tinct organelles. There, it organizes the 
formation of functional membrane 


microdomains. GAP-stimulated hydrolysis 
of Rab’s GTP to GDP follows, allowing a cyto- 
plasmic protein called GDI to bind to the 
inactive Rab and extract it from membranes’. 
Afterwards, another protein, GDI displace- 
ment factor, or GDF, releases Rab from GDI, 
and GEF enzymes then mediate the exchange 
of Rab’s GDP molecule for a GTP, preparing 
Rab for its next cycle of activity”*. 


Cell membrane 


Figure 1 | How Legionella pneumophila exploits host-cell 
Rab1 protein. In the host-cell cytoplasm, the inactive, 
GDP-bearing Rab] associates with GDI. This complex 

is recognized by the DrrA protein of L. pneumophila, 
which localizes to the inner leaflet of the cell membrane. 
Two studies'’” find that one region of DrrA acts as a GDF, 
releasing Rab1 from GDI, whereas another domain of 
this protein functions as a Rab1-specific GEF to activate 
Rab] by catalysing the exchange of its associated GDP for 
a GTP. The active Rab1 can then anchor into the adjacent 
membrane to organize the formation of a functional 
membrane microdomain. Later, another L. pneumophila 
protein, LepB, stimulates the hydrolysis of Rab1-bound 
GTP to GDP and inorganic phosphate (P), thereby 
inactivating Rab1. 
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Ingmundson ef al.' and the authors of a 
recent Science paper’ demonstrate that, to 
harness the host-cell cycle of Rab activity, 
an L. pneumophila protein known as DrrA 
functions as both a GDF and a GEF. This 
pathogen specifically targets Rab1, which 
normally mediates vesicle transport from the 
endoplasmic reticulum to the Golgi complex. 

Previous work”* had shown that DrrA can 
both recruit Rabl to LCVs and activate it. 
Furthermore, the carboxyl terminus of DrrA 
(that is, amino-acid residues 451-647) has 
been shown to function as a Rab1-specific GEF 
in vitro, explaining the ability of this protein to 
activate Rab] (ref. 7). In living cells, however, 
this region of DrrA was insufficient to recruit 
Rab1 to LCVs. 

These observations led the authors'” to 
test whether DrrA also functions as a GDF to 
release Rab1 from GDI and recruit it to LCVs. 
Ingmundson eft al. find’ that amino-acid resi- 
dues 1-500 of DrrA — which lack GEF activity 
— can efficiently release Rab1 from GDI. This 
suggests that two separate regions within a sin- 
gle L. pneumophila protein contain GDF and 
GEF activities, allowing it to drop-kick Rab1 
off GDI and onto adjacent membranes in an 
active form (Fig. 1). 

Structurally, such an arrangement makes 
sense. The so-called ‘switch domains that 
participate in GIP/GDP nucleotide binding 
are the only parts of Rab proteins to change 
conformation between the GDP- and GTP- 
bound states. So proteins such as GDI that spe- 
cifically interact with the GDP-bearing form 
of the ‘switchable’ proteins must recognize the 
status of the switch domains; the crystal struc- 
ture’ of a Rab bound to GDI shows that this 

is the case. Similarly, to catalyse nucleotide 
exchange, a GEF must also access the switch 
domains. Thus, with GDI tightly bound to 
Rab proteins, GDF must move the GDI off 
the switch domain to permit a GEF to do 
its job. 

A GDF can localize a Rab protein to a 
specific membrane after dissociating it from 
a GDI (ref. 10). DrrA is found on the inner 
leaflet of the infected host-cell membrane 
and, in cells that express DrrA exogenously, 
this protein can mis-target Rab1 so that 
it also localizes to the cell membrane”™. It 
will be interesting to determine how DrrA 
localizes to the inner cell membrane in the 
first place. 

Ingmundson et al.' also show that another 

L. pneumophila protein, LepB, is a Rab1- 
specific GAP enzyme. Thus, these bacteria 
seem to be self-sufficient in conducting the 
Rab1 cycle: they build a functional membrane 
microdomain by recruiting and locally acti- 
vating Rab1, and, when appropriate, disas- 
semble this microdomain using a bacterially 
encoded GAP (Fig. 1). The bacteria eventu- 
ally return Rab1 to host-cell service, which 
might in itself be beneficial to a productive 
infection process. 

What are the main functions of Rab1 
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50 YEARS AGO 

There can be few people now 
who are not convinced that 

the British public schools are 
aware of the country’s need of 
scientific man-power. Not only is 
the teaching of science in these 
schools thoroughly ‘respectable’ 
now, but also the numbers 
specializing in science in the sixth 
form are often more than 50 per 
cent of the total numbers... The 
task now is to give every boy his 
chance to train as a scientist if he 
wishes ... It must be realized, too, 
that for every pure scientist we 
need many technologists, and for 
every technologist we need an 
army of technicians. 

From Nature 16 November 1957. 


100 YEARS AGO 

| see in NATURE of November 7 
advertisements for a principal 
and professor of chemistry for 
the Victoria Technical College 

in Bombay. Though | have no 
connection with the institute, 

and may be charged with 
unwarrantable interference, | think 
that it is only fair to the intending 
competitors that certain facts 
should be made known... The 
title of principal does not even 
secure to the holder of it the 
exclusive right of calling meetings 
of the staff, and, in fact, confers 
nothing more than the power to 
enforce discipline... Such were 
the conditions under which my 
friend Dr. Mackenzie held the 
appointment, and it was with no 
astonishment that | heard on my 
return from India that he had sent 
in his resignation. | may add that 
though Rs. 1000 per mensem with 
aresidence appears to be a good 
salary, it must be remembered 
that there is no security of tenure 
of the appointment, and that the 
residence offered to Dr. Mackenzie 
lay between the dustiest road and 
the busiest railway in the heart 

of Bombay. Should any chemist 
contemplate applying for the 
“chair” of chemistry with the view 
of carrying out research ...| should 
like to remind him that he will do 
well to take his library with him. 
There are no scientific books in 
Bombay... Morris W. Travers 
From Nature 14 November 1907. 


on the LCV? What specific proteins does it 
interact with there, and how do they benefit 
bacterial infection? Are there any proteins 
encoded by the host cell that also have dual 
GDF/GEF activity? Answers to these questions 
may lead to selective approaches for treating 
L. pneumophila infections, and a better under- 
standing of the functioning of Rab proteins. 
Suzanne Pfeffer is in the Department of 
Biochemistry, 279 Campus Drive, Room B400, 
Stanford University School of Medicine, Stanford, 
California 94305-5307, USA. 

e-mail: pfeffer@stanford.edu 
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QUANTUM OPTICS 


Kittens catch phase 


Jonathan P. Dowling 


The most sensitive phase-measuring instrument yet uses quantum trickery 
and a scaled-down version of the notorious Schrédinger’s cat. It means that 
more sensitive devices for metrology and imaging could be on the way. 


Elsewhere in this issue, a group of Australian 
researchers (Higgins et al., page 393)’ reports 
the construction of the most sensitive optical 
interferometer yet. At the heart of this suc- 
cess lies a cunning use of quantum feedback 
to minimize photon phase noise in the device 
— a technique that could have applications 
in imaging, remote sensing, gravity-wave 
detection and spectroscopy. 

An interferometer detects differences in the 
phase of two waves by measuring the extent to 
which their amplitudes add up or cancel out 
when they interfere. This makes it a very useful 
instrument for calibrating tiny distances. The 
optical interferometer (that is, one using visible 
light) really came of age in 1887, when Albert 
Michelson and Edward Morley exploited its 
exquisite phase sensitivity to measure the 
speed of light’. Their result — that, however 
you look at it, light always travels at the same 
speed — was accurate enough to disprove the 
existence of the ‘luminiferous aether; a univer- 
sal medium through which light waves were 
thought to propagate, and thus to pave the way 
for Albert Einstein's special theory of relativ- 
ity. The Michelson interferometer still serves 
today as a test bed for Einstein's general relativ- 
ity: huge interferometer arms are the basis of 
observatories dotted around the world look- 
ing for signs of gravitational waves, predicted 
disturbances in the fabric of space-time. 

One of these is LIGO, the Laser Interfero- 
meter Gravitational-Wave Observatory based 
at sites in Louisiana and Washington state. It 
is so sensitive that it can measure a change in 
the distance travelled by a photon reflected up 
and down the interferometer’s 4-km-long arms, 
caused by a passing gravitational wave, as small 
as the diameter ofa proton’. Even so, over a cer- 
tain range of frequencies, LIGO is limited by 
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‘shot noise’ in the laser beams used to stake out 
the detector. The origin of this noise is the wave- 
particle duality of light, which imparts a fluc- 
tuation to the light wave's phase (¢) that scales 
inversely with the square root of the number 
of photons (n) in the laser beam, Ag = W/vn. 
This uncertainty determines the weakest grav- 
ity-wave amplitude that can be detected — the 
smaller that amplitude is, the better. 

The number of photons circulating in the 
interferometer is proportional to the laser 
intensity — so, all things being equal, the 
greater the circulating power, the smaller the 
phase uncertainty will be. But, in LIGO as in 
other interferometers, the power cannot be 
increased indefinitely: mirrors begin to shake 
from the photon pressure, and the noise starts 
going up once again. The sweet spot that min- 
imizes noise and maximizes sensitivity gives 
what is known as the ‘standard quantum limit’ 
to the accuracy of an interferometer measure- 
ment. For a long time, it was considered the 
best you could do in experiments involving 
quantum particles such as photons. 

But in 1981, it was pointed out that you 
could beat the standard limit using quantum 
trickery“. You could simply squeeze the noise 
in the photon field in such a way that, in the 
limit of infinite squeezing, you could lower 
the shot noise and make it depend not on 
1/Vn, but on 1/n — a quadratic improvement 
in accuracy at the same light intensity. This 
lower limit is, in fact, the best you could hope 
for from the photonic version of the Heisen- 
berg uncertainty principle. This principle is 
the most fundamental statement of quantum 
uncertainty, and puts an upper limit on the 
accuracy to which pairs of variables such as 
position and momentum (or, equivalently, 
phase and intensity) can be known. The 1/n 
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Figure 1| Towards the Heisenberg limit. According to quantum theory, the 
accuracy possible in an interferometric measurement of a phase shift, ¢, 
reaches a fundamental ‘Heisenberg’ limit that scales as the inverse of the 
number of photons involved in the measurement. But attempts to reach this 
gold standard experimentally have fallen short. a, A promising approach 
previously investigated’ sent single Schrédinger’s cat ‘High-NOON states 
consisting of large numbers of photons through the interferometer — all the 
photons went down one of two arms, but it was impossible to tell which (up 
cat indicates all photons in the upper path; down cat, all in the lower path). 


b Kitten states 


Feedback loop 


This approach effectively divided the wavelength of the light (and so its 
resolving power) by the number of photons in each state, but failed to deliver 
the hoped-for accuracy, owing to the difficulty of producing and caring for 
the large cat states. b, Higgins and colleagues’ reach the Heisenberg limit by 
exploiting a series of smaller, ‘kitter’ states each involving just one photon. 
These states are easier to prepare, and are more robust against noise and loss; 
but the lower flux must be compensated by cycling the states through the 
interferometer many times and using a complex quantum feedback loop to 
adjust the phase shift, pd, of the reference beam. 


rule is therefore called the Heisenberg limit. 

This sounds all very well and good, and peo- 
ple continue to talk about putting squeezed 
light into LIGO some day. But the fact is that 
infinite squeezing is hard to come by, and the 
Heisenberg limit had until now never been 
realized in practice. 

Enter, stage left, the weirdness of quantum 
entanglement, which occurs when the quantum 
states of remote particles become intertwined. 
In 1986, a way was proposed to get close to the 
Heisenberg limit not with squeezed light, but 
with quantum-entangled neutrons in a matter- 
wave interferometer’. The entanglement idea 
percolated along for a number of years, but 
really gained momentum in the past ten, when 
people realized that the entanglement approach 
to interferometry could be implemented using 
ideas from quantum computing such as error 
correction and quantum feedback’. 

A quantum computer is, in essence, a big 
machine filled with quantum-entangled 
qubits. A quantum interferometer is also a 
big machine filled with quantum-entangled 
particles, and these can be treated as qubits. 
A popular approach to the phase-estimation 
problem exploits whacky beasts such as the 
Schrédinger’s cat ‘High- NOON’ state’, in 
which all the photons are either in one arm of 
the interferometer or the other, but you can’t 
tell which arm is which (Fig. 1a). In this case, a 
NOON state of n photons, each of wavelength 
A, acts like a single high-frequency photon of 
wavelength A/n. Hence, if one has ten red pho- 
tons of 500 nm wavelength in ann = 10 NOON 
state, the result is an entangled red-photon 
state, but one with the resolving power of an 
X-ray photon of wavelength 50 nm. The shorter 
the wavelength, the more accurate the phase 


estimation. Much progress was made with such 
states on both the theoretical and experimental 
front, and they have got closer to the Heisen- 
berg limit than have squeezed states. But owing 
to losses in the interferometer and the fragile 
nature of these states, they have never quite 
reached the mythical Heisenberg limit*. 

Until Higgins and colleagues came along’. 
In January 2007, in a theoretical talk at the 
Physics of Quantum Electronics workshop 
in Snowbird, Utah, Howard Wiseman from 
Griffith University in Brisbane, a co-author 
on the paper, made the remarkable claim that 
you could get to the ultimate uncertainty limit 
by sending not Schrédinger’s cat through the 
interferometer, but a bunch of Schrédinger’s 
kittens — single photons. You then compensate 
for the lower flux and apparent lack of quan- 
tum entanglement with an elaborate quantum 
feedback loop (Fig. 1b). Good luck with that, I 
remember thinking to myself: applying a feed- 
back loop to single photons at light speed would 
be technologically impossible any time soon. 
Iam now forced to eat my hat. The authors’ opti- 
cal interferometer, operating at the Heisenberg 
limit, involves no squeezing, minimal entangle- 
ment, and no Schrédinger’s cat; the quantum 
weirdness is in the feedback loop. 

This loopy demonstration in fact imple- 
ments an ingenious phase-estimation algo- 
rithm based on quantum computing’ that uses 
simple optics to recycle photons through the 
phase shift to be measured. Although the solu- 
tion is too low in intensity to be of use in LIGO 
anytime soon — the largest number of photons 
the authors used was 378, whereas LIGO has a 
circulating power of 10’ photons per second 
— the work breaks new ground. It could have 
other, more immediate applications in areas 
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such as quantum metrology, quantum imag- 
ing and quantum sensing. 

So what is the immediate lesson to be 
learned? That tricks from quantum comput- 
ing will find their practical near-term imple- 
mentation in spooky gizmos with scientific 
and practical importance, but nothing to do 
with computers at all. Bravo! = 
Jonathan P. Dowling is at the Hearne Institute for 
Theoretical Physics, Louisiana State University, 
Baton Rouge, Louisiana 70803, USA. 
e-mail: jdowling@Ilsu.edu 
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Clarification 

“Environmental science: Nutrients in synergy” 
by Eric A. Davidson and Robert W. Howarth 
(Nature 449, 1000-1001; 2007). 


This News & Views article discussed a 

paper in Ecology Letters (doi: 10.1111/j.1461- 
0248.2007.01113.x; 2007), and included the 
comment that the results in the paper support 
the rule-of-thumb that the biological response 
to phosphorus addition is greater than that to 
nitrogen addition in freshwater ecosystems. 
That is true for lake benthos, but not for lake 
ecosystems as a whole, where the responses to 
nitrogen and phosphorus are similar. 
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Anti-correlation of summer/winter monsoons? 


Arising from: G. Yancheva et al. Nature 445, 74-77 (2007) 


On the basis of the anti-correlation of their palaeoclimatic proxy for 
the strength of the East Asian winter monsoon from Lake Huguang 
Maar, China, with stalagmite records of the strength of the summer 
monsoon, Yancheva et al.' claim that the strengths of the summer 
and winter monsoons are anti-correlated on a decadal timescale. 
They argue that the summer rainfall deficit during aD 700-900 that 
they infer from their evidence of a stronger winter monsoon, in 
conjunction with a Tanros battle, led to the collapse of the Tang 
dynasty (AD 618-907). Using historical climate records, we show here 
that most cold winters during AD 700-900 were associated with rela- 
tively wet summers, indicating that the strengths of the winter and 
summer monsoons were not negatively correlated during this period. 

Yancheva et al.’ deduce an inverse correlation of winter and sum- 
mer monsoons by comparing centennial- to millennial-scale proxy 
records of winter monsoon strength from Lake Huguang Maar with 
records of summer monsoon strength from Chinese caves. Their 
inference that summer rainfall was low during AD 700-900 contra- 
dicts historical climate records for the same period. Chinese histor- 
ical records can provide records of climatic events on annual to daily 
timescales*. A wetness index for the past 2,000 yr based on 36,750 
historical climate records shows that China experienced two wet 
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Figure 1| Climate fluctuations during the past 2,000 yr based on Chinese 
historical documentary records. a, The moisture index series at a 5-yr 
resolution for East China during AD 1—1900; wet and dry intervals are 
indicated by the blue and yellow shading, respectively (redrawn from ref. 3). 
b, Comparison of the number of severe cold winters per decade (dark blue 
bars) and the moisture index series for the Tang dynasty (AD 618-907). 
During the late Tang dynasty (AD 810-907), the increase in the frequency of 
severe cold winters is associated with plentiful summer rainfall (pale blue 
shading). 


climate phases that bracketed a dry spell during ap 700-900, rather 
than a “general shift towards drier climate”; wet conditions are 
recorded in AD 711-770 and 811-1050, with a dry phase in AD 771- 
810 (ref. 3; Fig. 1), so the last thirty years of the Tang dynasty were 
relatively wet, not dry. 

The historical records show that the climate entered a cold phase 
from the middle of the eighth century, when the number of cold 
events between AD 756 and 907 were more than double the number 
in AD 618-755 (refs 4, 5; Fig. 1), implying that the winter monsoon 
was strong during the late Tang dynasty. Furthermore, out of 22 cases 
of severe cold (with anomalously frozen and heavy snow) during AD 
700-900, only two occurred in years with a summer rainfall deficit’, 
suggesting that 90% of the harsh winter events were associated with 
plentiful summer rainfall. This implies that cold winters and wet 
summers were characteristic of the climatic conditions of the late 
Tang period, suggesting that the strengths of the winter and summer 
monsoons were not anti-correlated during this interval. 

Yancheva et al.' interpret their record of titanium (Ti) counts, 
which has near-annual resolution, as a measure of winter monsoon 
strength’. However, the intervals of increased winter monsoon 
strength indicated by this record are not always coincident with the 
intervals indicated by the historical records of severe winter fre- 
quency (Fig. 2). During AD 800-900, the highest Ti counts occur 
around the AD 860s, which is within a period when severe winters 
were infrequent; according to the historical records, only one 
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Figure 2 | Comparison between severe cold winters recorded in Chinese 
historical documents? and the Ti counts from Lake Huguang Maar. Severe 
cold winters recorded are shown by blue arrows. The Ti counts from Lake 
Huguang Maar are shown by the thin red curve (the thick red curve has been 
smoothed with a 9-point running average, after Yancheva et al.' from data 
archived at the World Data Center for Paleoclimatology, Boulder, Colorado, 
USA) during aD 800-900.The high Ti counts correspond to the lowest 
frequency of severe cold winters (AD 850-870; yellow shading), while the low 
Ti counts correspond to increased frequency of cold winters (AD 810-840, 
880-900; blue shading). The winter monsoon strength inferred from Ti 
counts contradicts that based on the occurrence of cold winters in ancient 
Chinese records. 
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(AD 865) occurred between AD 850 and 880. In contrast, AD 810-840 
witnessed seven very severe winters, including the sea ice event of AD 
822 (ref. 2), which is often considered to be the coldest interval 
during the Tang dynasty. According to the interpretation of 
Yancheva et al.', the lower Ti counts recorded in Lake Huguang 
Maar’ during this interval indicate that the winter monsoon was 
weak during this interval (Fig. 2), in conflict with the historical evid- 
ence. Their proxy-based assessment of intervals of increased winter 
monsoon strength during this period should therefore be called into 
question. 

Furthermore, the intervals of increased winter monsoon strength 
in AD 810-840 and AD 880-900, indicated by an increase in the fre- 
quency of cold winters recorded in the historical records, were both 
associated with plentiful summer rainfall, whereas the interval of 
reduced winter monsoon strength between about AD 850 and 870 
was associated with a summer rainfall deficit (Fig. 1). This casts 
further doubt on the proposal of Yancheva et al. that the strengths 
of the winter and summer monsoons were anti-correlated at a multi- 
decadal scale during ap 600-900. 

Yancheva et al. say that the Tang dynasty began to ebb in the eighth 
century, after a defeat by the Arab army in aD 751, but that border 
battle was not a major event; it is better known for spreading ancient 
Chinese paper-making techniques to the Arabic countries by prison- 
ers°. Instead, most Chinese historians agree that the decline of Tang 


NATURE|Vol 450|15 November 2007 


dynasty began with the An-Shi riot in AD 755, owing to the resulting 
disorders, which exhausted resources®. The view of Yancheva et al. on 
the historical significance of the border conflict in aD 751 is therefore 
in doubt. 
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Yancheva et al. reply 


Replying to: De’er Zhang & Longhua Lu Nature 450, doi:10.1038/nature06338 (2006) 


Zhang and Lu’ argue that Chinese historical climate records contra- 
dict certain of our interpretations’ based on Lake Huguang Maar 
sediment records. Interpreting these records as an indicator for win- 
ter monsoon winds and Chinese cave records as an indicator for 
summer monsoon rainfall’, we observed” an inverse relationship 
between winter and summer monsoons on a millennial timescale 
over the past 16,000 yr. In sediments deposited during the period 
of Classical Chinese dynastic history, we found evidence for a tem- 
poral coincidence between winter monsoon strengthening and the 
terminations of important dynasties’. Extrapolating the inverse 
monsoon relationship to these multidecadal timescales, we suggested 
that reduced summer rainfall contributed to dynastic terminations, 
including that of the Tang (AD 618-907). Zhang and Lu' challenge the 
validity of the summer/winter monsoon relationship on the grounds 
that historical records indicate that relatively cold winters tended 
to be associated with relatively wet summers over the period they 
considered. They argue that the Tang dynasty decline was associated 
with cold winters, in agreement with our findings’, but they find no 
evidence for rainfall changes having contributed to the decline of the 
Tang. 

We compare our Lake Huguang Maar record during aD 550-1550 
with two historical reconstructions (Fig. 1): a hydrologic reconstruc- 
tion from the Jiang-Nan area in southeast China (25-31° N)‘, the 
most proximal record of which we are aware, and a lower-resolution, 
winter, half-year, temperature reconstruction for eastern China®. To 
clarify similarities between the Lake Huguang Maar sediment record 
and the historical climate records**, we have allowed for stratigraphic 
adjustments in the former by no more than 40 yr (Fig. 1). The higher- 
resolution historical reconstruction of wet/dry conditions in south- 
east China* corresponds well with weak/strong winter monsoon 


intervals, as indicated by our lake records and by the historical winter 
temperature record. Its correspondence with the wet/dry record of 
Zhang and Lu is uncertain; the apparent differences between the two 
wet/dry historical reconstructions may derive from geographic vari- 
ability or error in the reconstructions. The previously observed 
longer-term anti-correlation between winter and summer monsoons 
seems to apply to a significant portion of the (multi)decadal-scale 
variability investigated here. 

We acknowledge that much of the last 20yr of the late Tang 
dynasty was characterized by wetter conditions'. Nevertheless, the 
end of the Tang dynasty at AD 907, which occurs at a sharp increase 
in Ti content at Lake Huguang Maar’, is also marked by a sharp 
drying in the unsmoothed historical reconstruction of Zheng et al.* 
(Fig. 1, thin blue lines), as well as in the record presented by 
Zhang and Lu’. Thus, the historical data suggest that the Tang dyn- 
asty collapsed during a period of both cold winters and low and 
abruptly dropping rainfall (Fig. 1). This may be critical: the rate of 
climate change could be as important as mean climate from the point 
of view of social and political impact, as rapid change might discon- 
nect social policies from environmental realities. We acknowledge 
the clarification of Zhang and Lu that the An-Shi rebellion was more 
important than the AD 751 Tanros battle in the weakening of the Tang 
empire. 

Both temperature and rainfall seem to have had an important 
influence on Classical Chinese dynastic changes, including the 
decline of the Tang dynasty'*°. Although the reconstructions are 
somewhat ambiguous on the point, the inverse correlation between 
winter and summer monsoons observed on millennial timescales’ 
does describe some of the decadal and multi-decadal climate vari- 
ability in Chinese dynastic history. 
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Figure 1 | Comparison of Chinese historical climate records** with the Lake 
Huguang Maar sediment record”. Comparisons are shown for the time 
intervals AD 550-1500 (a) and aD 600-950 (b). In a, the red line shows the 
reconstruction of winter half-year temperatures in eastern China’ (error 
bars show uncertainties associated with historical data); a and b show the 
Lake Huguang Maar titanium record’ (brown: original data and 15-point 
running mean), and the reconstruction of hydrologic conditions from the 
Jiang-Nan area in southeast China‘ (blue: original data and 15-point 
running mean). The latter are expressed as a normalized dry-wet index; data 
are connected by a thin blue line only where data points are available from 
consecutive years. High Ti values (plotted downward) are interpreted to 
reflect stronger winter monsoon winds’. We have allowed for stratigraphic 
adjustments in the Huguang Maar sediment record? that are consistent 
within error with the published age model. None of these were more than 
40 yr, and most were much less, including during the interval of the Tang 
dynasty (black curve at bottom of a shows the adjusted timescale minus the 
'C-based timescale as described in Yancheva et al.?, such that the vertical 
scale matches that of the x-axis). 
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Record of winter monsoon strength 


Arising from: G. Yancheva et al. Nature 455, 74-77 (2007). 


The Asian summer monsoon has been precisely reconstructed from 
the high-resolution record from the speleothem’, but reconstruction 
of the Asian winter monsoon is less satisfactory. Yancheva et al. 
provide such a reconstruction for the last 16,000 years from the tita- 
nium (Ti) content of the sediments of Lake Huguang Maar in coastal 
South China. However, we argue that the Ti is likely to have come 
mainly from the catchment and so the Ti content may instead be 
related to the hydrology of the lake. 

Considering the small catchment and densely vegetated inner 
slope of the lake, Yancheva et al.’ overlook the Ti from the catchment 
through runoff. However, weathering and erosion in coastal South 
China are intensive, owing to high temperatures and heavy precip- 
itation. The steep slopes surrounding the lake’ would promote sur- 
face erosion further. Sandy sediments in the lake* are strong evidence 
for significant terrigenous input through runoff. This is strengthened 
by records from Tianyang Maar in the Leizhou Peninsula’ and 
Shuangchi Maar in the north of Hainan®, which indicate that terri- 
genous input through runoff may be common for Maars in coastal 
South China. The basalts and laterite in the Leizhou peninsula, which 
are dominant in the catchment, have a high Ti content’ (Table 1) and 
so should be important sources of Ti for the lake. 

More importantly, the flux of the lithogenic materials to the lake, 
5-10 and 10-20mgcm™~ yr! during the Holocene and glacial 
times, respectively’, is too high to be explained by a wind-blown 
mechanism. Although it is comparable with an estimated modern 
dust flux of 4.6mgcm “yr! in coastal South China’, the dust flux 
was probably overestimated, given the atmospheric dust concentra- 
tion in coastal South China® and its settling velocity’. In addition, 
modern observation indicates that mineral dust flux on the Loess 
plateau ranges between 15 and 36mgcm “yr! at sites close to dust 
sources and between 9 and 10mgcm “yr ’ at other sites, but only 
about 25% of the particles are smaller than 6 jim (ref. 10). Particles 
larger than 6 lm generally have short atmospheric lifetimes owing to 
gravitational settling''. Lake Huguang Maar is about 1,500 km south 
of the Loess plateau and is not on a main dust trajectory. It should 
have a dust deposition rate much smaller than 2.5mgcm~*yr7!. 
This is consistent with model-derived deposition rates of <0.2 to 
0.5mgcm “yr ' at this site!’ This evidence disproves wind- 
blown dust from remote North China as the main source of Ti to 
Lake Huguang Maar. 

The Ti content of local basalts and laterite is apparently higher than 
in the loess deposit in the Loess plateau (Table 1)”!*. A source of Ti 
from the catchment is therefore more reasonable. This explanation is 
supported by the correspondence of high Ti content with the occur- 
rence of sandy sediments during two cold, dry phases, the Younger 
Dryas episode and the period before the Bolling—Allerod warming™*. 


Table 1| Ti content in basalt and laterite and in loess-palaeosol 
Basalt (%) 


Laterite range (%) Laterite average (%) 


Site 9 1.67-1.76 1.71 1.12 
Site 10 1.53-1.61 1:57 1.05 
Site 11 1.24-1.57 1.47 
Site 12 0.93-1.13 1.03 0.88 
Site 13 1.16-1.51 1.26 
Range (%) Average (%) 
Loess 0.43-0.53 0.48 
Palaeosol 0.42-0.51 0.44 


The Ti contents are calculated according to the TiO2 contents in the basalt and laterite on the 
Leizhou Peninsula, coastal South China’, and in the loess-palaeosol deposition at Luochuan, 
North China’. 


It would also account for some puzzles arising from the connection 
between Ti content and the Asian winter monsoon. For example, 
although the Ti content indicates a southward movement of the 
intertropical convergence zone 7.8kyr ago’, some places further 
north experienced a stronger summer monsoon until about 6 kyr 
ago'*'°; the Ti content during the Holocene is comparable with those 
during the Younger Dryas and the pre-Bolling—Allerad periods’, but 
other records indicate that the summer monsoon was much stronger 
and that the winter monsoon was much weaker during the Holocene 
than during the two cold, dry periods’”"®. 

The correspondence between the higher Ti content and occur- 
remce of coarser sediments during the Younger Dryas and the pre- 
Bolling—Allerod periods** indicates a connection between the Ti 
content and the hydrology of the lake. The higher Ti content during 
the period 5.2-7.8 kyr ago” may have been caused by a similar mech- 
anism because precipitation may have been lower for this period’. 
Precipitation in coastal South China during 7.2-2.7 kyr ago may also 
have been reduced in Shuangchi Maar’. If Ti was transported into the 
lake mainly in particle and colloidal phases, increased input through 
runoff and reduced water depth could have contributed to the higher 
Ti content recorded in these cores’. 

Our alternative interpretation is therefore that the Ti content may 
have been controlled by the hydrology of the lake, rather than by the 
Asian winter monsoon. Whether, and how, this mechanism could 
influence proxies such as total organic carbon and magnetic pro- 
perties, however, needs further investigation. 


Houyun Zhou’, Huazheng Guan"? & Baoquan Chi"? 

'Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, 
Guangzhou 510640, China. 

*The Earth Dynamic System Research Center, National Cheng-Kung 
University, Tainan 701, Taiwan. 

e-mail: hyzhou@gig.ac.cn 

>The Graduate School, Chinese Academy of Sciences, Beijing 100039, 
China. 


Received 25 January; accepted 20 September 2007. 


1. Wang, Y.-J. et al. A high-resolution absolute-dated late Pleistocene monsoon record 
from Hulu Cave, China. Science 294, 2345-2348 (2001). 

2. Yancheva, G. et al. Influence of the intertropical convergence zone on the East Asian 
monsoon. Nature 455, 74-77 (2007). 

3. Mingram, J. et al. The Huguang maar lake—a high-resolution record of 
palaeoenvironmental and palaeoclimatic changes over the last 78,000 years from 
South China. Quat. Int. 122, 85-107 (2004). 

4. Wang, W.-Y. et al. The two-step monsoon changes of the last deglaciation recorded 
in tropical Maar Lake Huguangyan, southern China. Chin. Sci. Bull. 45, 1529-1532 
(2000). 

5. Zheng, Z. & Lei, Z.-Q. A 400,000 year record of vegetational and climatic changes 

roma volcanic basin, Leizhou Peninsula, southern China. Palaeogeogr. Palaeoclimatol. 

Palaeoecol. 145, 339-362 (1999). 

6. Zheng, Z. et al. High-resolution records of Holocene from the Shuangchi Maar Lake in 

Hainan Island. Chin. Sci. Bull. 48, 497-502 (2003). 

7. Xu, Y.-F., Zhu, Z.-Y., Wen, G.-G., Liang, J.-P. & Luo, S.-W. Geochemistry and soil- 

orming environment of the red soil section in the southern Leizhou Peninsula, 

Guangdong Province. Geochimica 29, 402-408 (2000). 

8. Cao, J.-J. et al. Characterization of dust storms to Hong Kong in April 1998. Water Air 

Soil Pollut. Focus 3, 213-229 (2003). 

9. Reid, J. S. et al. Analysis of measurements of Saharan dust by airborne and 

ground-based remote sensing methods during the Puerto Rico Dust 

Experiment (PRIDE). J. Geophys. Res. 108 (D19), 8586, doi:10.1029/2002JD002493 
(2003). 

10. Sun, D.-H., Chen, F.-H., Bloemendal, J. & Su, R.-X. Seasonal variability of modern dust 
over the Loess Plateau of China. J. Geophys. Res. 108 (D21), 4665, doi:10.1029/ 
2003JD003382 (2003). 

11. Ginoux, P. et al. Sources and distributions of dust aerosols simulated 
with the GOCART model. J. Geophys. Res. 106 (D17), 20255-20273 
(2001). 

12. Mahowald, N. et al. Dust sources and deposition during the last glacial 
maximum and current climate: A comparison of model results with paleodata 


E10 


©2007 Nature Publishing Group 


NATURE| Vol 450|15 November 2007 


from ice cores and marine sediments. J. Geophys. Res. 104 (D13), 15895-15916 
(1999). 

13. Gallet, S. & Jahn, B.-M. Geochemical characterization of the Luochuan 
loess-paleosol sequence, China, and paleoclimatic implications. Chem. Geol. 133, 
67-88 (1996). 

14. Shao, X.-H. et al. Long-term trend and abrupt events of the Holocene Asian monsoon 
inferred from a stalagmite 8'°O record from Shennongjia in Central China. Chin. Sci. 
Bull. 51, 221-228 (2006). 


BRIEF COMMUNICATIONS ARISING 


15. Dykoski, C. A. et al. A high-resolution, absolute-dated Holocene and deglacial 
Asian monsoon record from Dongge Cave, China. Earth Planet. Sci. Lett. 233, 71-86 
(2005). 

16. Ren, J.-Z., Ding, Z.-L., Liu, D.-S., Sun, J.-M. & Zhou, X.-Q. Climatic changes on 
millennial time scales - Evidence from a high-resolution loess record. Sci. Chin. Ser. D 
39, 449-459 (1996). 


doi:10.1038/nature06408 


Yancheva et al. reply 


Replying to: H. Zhou et al. Nature 450, doi: 10.1038/nature06408 (2007). 


Zhou et al.' raise the possibility that the titanium (Ti) record at Lake 
Huguang Maar is controlled by local erosion and runoff to the lake, 
or through hydrological changes in the lake such as level fluctuations, 
rather than by changes in the inputs of airborne material’. The 
authors come to this conclusion by considering the Ti record in 
isolation. They ignore the redox-sensitive parameters of the S-ratio, 
total organic-matter content, the Mn/Fe ratio, and magnetic 
susceptibility records. We believe that their case against our inter- 
pretation of the Ti record is weak, and that their interpretation can be 
ruled out if the other measurements are taken into account’. 

Zhou et al.' argue that the high Ti content during times of weak 
summer monsoon, such as the Younger Dryas cold period, may be 
the result of runoff from the catchment. On the basis of runoff alone, 
one would expect the opposite signal, with lower Ti values in times of 
reduced rainfall and runoff, and not higher values. The authors argue 
that lake-level changes may explain the higher Ti values during drier 
climates. However, major lake-level changes can be excluded in the 
case of Lake Huguang Maar for the study interval. 

The lake is today about 21m deep, and it is characterized by a 
strong thermocline at about 10m water depth. Below the thermo- 
cline, the lake is suboxic. Our transect of cores spans the depth 
range between 10 and 20 m water depth’. For all cores at all depths, 
we observe a continuous sediment sequence during the past 
20,000 years, as indicated by parallel high-resolution magnetic sus- 
ceptibility records in all cores. This argues that the lake level has not 
fluctuated by as much as 10 m, because this would have exposed the 
shallowest core to the atmosphere. Moreover, suboxic to anoxic con- 
ditions are recorded in our magnetic susceptibility and S-ratio 
records throughout the record at all cores and at all water depths. 
Even a modest drop in lake level would have exposed the shallowest 
core (at 10m water depth) to the oxic lake conditions in the epilim- 
nion above the thermocline, which would have markedly altered the 
redox sensitive signals of this core. 

Zhou et al.’ argue that the correspondence of higher Ti with 
coarser sediments during the Younger Dryas and the pre-Bolling/ 
Allered periods indicates a connection between Ti content and the 
hydrology of the lake. However, microscopic quantification of 
minerogenic matter of local origin shows only scattered silt-sized 


minerogenic particles, as well as more prominent siderite enrich- 
ments, but without any major changes, even when including the 
glacial termination in the analysis. There are no sandy sediments in 
the entire Lake Huguang Maar section: the interpretation of Wang 
et al.’ is incorrect. 

One aspect of the comment is valid and important. Given the 
current understanding of large scale dust distributions’, regional dust 
deposition seems to be significantly lower than siliciclastic flux rates 
in Lake Huguang Maar sediments. This discrepancy may be 
explained by sediment focusing in similar lake environments, which 
has been measured as up to fivefold’. 
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Legionella pneumophila proteins that 
regulate Rab1 membrane cycling 


Alyssa Ingmundson’, Anna Delprato*, David G. Lambright* & Craig R. Roy’ 


Rab1 is a GTPase that regulates the transport of endoplasmic-reticulum-derived vesicles in eukaryotic cells. The intracellular 
pathogen Legionella pneumophila subverts Rab! function to create a vacuole that supports bacterial replication by a 
mechanism that is not well understood. Here we describe L. pneumophila proteins that control Rab! activity directly. We 
show that a region in the DrrA (defect in Rab1 recruitment A) protein required for recruitment of Rab1 to membranes 
functions as a guanine nucleotide dissociation inhibitor displacement factor. A second region of the DrrA protein stimulated 
Rab] activation by functioning as a guanine nucleotide exchange factor. The LepB protein was found to inactivate Rab1 by 
stimulating GTP hydrolysis, indicating that LepB has GTPase-activating protein activity that regulates removal of Rab 
proteins from membranes. Thus, L. pneumophila encodes proteins that regulate three distinct biochemical reactions critical 


for Rab GTPase membrane cycling to redirect Rab1 to the pathogen-occupied vacuole and to control Rab1 function. 


Rab proteins are molecular switches that have an important role in 
organizing membranes to facilitate transport and fusion of vesicular 
carriers’. Rab GTPases localize and control membrane dynamics on 
specific subcellular organelles. Successful transport and maturation 
of vesicles coincides with a change in the composition of Rab pro- 
teins—a process called Rab conversion’. Several accessory proteins 
regulate the Rab GTPase cycle. Prenylated Rab proteins in their 
inactive GDP-bound state are solubilized from membranes by asso- 
ciating with Rab-guanine nucleotide dissociation inhibitor (Rab 
GDI)**. There is evidence that soluble Rab proteins must be released 
from Rab GDI by a GDI-displacement factor (GDF) before mem- 
brane recruitment and activation by a cognate guanine nucleotide 
exchange factor (GEF)®. An active Rab protein recruits specific effec- 
tors that have a direct role in promoting membrane transport, vesicle 
tethering and fusion’*. To complete the process of membrane cyc- 
ling, Rab proteins are inactivated by cognate GTPase-activating pro- 
teins (GAPs)”"° and are extracted from the membrane by Rab GDI’. 

After uptake by phagocytic host cells, the bacterial pathogen 
L. pneumophila exploits the activities of the Rab1 protein to direct 
the maturation of the vacuole in which it resides and to create an 
endoplasmic-reticulum-derived organelle that supports intracellular 
replication'’’°. Because the vacuole, which is initially derived from 
plasma membrane, is remodelled into an endoplasmic-reticulum- 
like compartment, host proteins involved in regulating endoplasmic 
reticulum to Golgi transport are recruited to the L. pneumophila- 
containing vacuole (LCV) through the activities of L. pneumophila 
proteins delivered into the host cytosol by a bacterial type IV secre- 
tion apparatus called the Dot/Icm system'*"’. Rab] is one of the host 
regulatory factors recruited to the LCV*”’. Although the mechanism 
by which Rab1 is recruited to the LCV is not well described, it was 
determined that the association of Rabl with the LCV requires the 
L. pneumophila protein DrrA (also known as SidM)’””°. 

Previous biochemical studies have shown that DrrA functions as a 
Rab1-specific GEF'*”®. Nucleotide exchange reactions using purified 
Rab1 protein revealed that a carboxy-terminal region of DrrA con- 
sisting of amino acid residues 451-647, DrrA(451—647), had the same 


GEF activity and specificity for Rab1 as the full-length DrrA pro- 
tein'’. Importantly, a DrrA derivative, consisting of residues 61— 
647, DrrA(61-647), could recruit Rabl to the plasma membrane 
when expressed ectopically in mammalian cells, whereas the plasma- 
membrane-localized DrrA(451-647) protein could not recruit Rab1 
(ref. 19). These data indicated that deletion of residues 61-450 in 
DrrA eliminated a second biochemical activity essential for the mem- 
brane recruitment and activation of Rab1 from the host cytosol. Here 
we show that region 61-450 in DrrA is necessary to displace Rab GDI 
from a complex containing Rabl, indicating that DrrA has GDF 
activity. In addition, we show that the L. pneumophila LepB protein 
is a Rabl GAP capable of inactivating Rabl. 


DrrA has both GDF and GEF activity 


The observation that the GEF domain alone is not sufficient for 
DrrA-mediated recruitment of Rab1 to the plasma membrane”? indi- 
cated that DrrA might also function as a GDF. We reasoned that, if 
DrrA is able to displace Rab GDI in vivo, ectopic production of DrrA 
in eukaryotic cells should decrease the proportion of Rab1 that is 
bound to Rab GDI. Rab1 tagged with the Flag epitope (3Flag— 
Rab1) was affinity-purified using anti-Flag agarose from HEK293 
cells producing Rab GDI and green fluorescent protein (GFP)-tagged 
DrrA proteins. Rab GDI was not detected in association with 
3XFlag—Rab1 isolated from cells producing GFP—DrrA(61-647) 
(Fig. la), a derivative shown previously to recruit Rabl to the 
plasma membrane”’. In contrast, Rab GDI was associated with 
3XFlag—Rab1 isolated from cells producing either GFP alone or 
GFP—DrrA(451-647) with an intact GEF domain (Fig. la). These 
data indicate that the DrrA protein can interfere with Rab1—Rab- 
GDI complex formation by a mechanism that requires residues out- 
side the GEF domain. 

To determine whether DrrA could displace Rab GDI in vitro, 
purified DrrA was added to 3XFlag—Rabl—Rab-GDI complex 
attached to anti-Flag agarose, and Rab GDI displacement into the 
supernatant was measured over time. Rab GDI was efficiently dis- 
placed when DrrA protein was added to the reaction (Fig. 1b, c). 
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DrrA also displaced Rab GDI from a complex containing 3  Flag— 
Rab2 (Supplementary Information and Supplementary Fig. 1), indi- 
cating that DrrA may function in a similar manner to the eukaryotic 
protein Rab acceptor 1 (prenylated) (Rabacl, also known as Yip3 in 
yeast and PRAI in human) and promote the displacement of mul- 
tiple Rab proteins from the complex with Rab GDI’. DrrA(451-647) 
did not stimulate Rab GDI release, consistent with Rab GDI displace- 
ment activity requiring residues outside of the GEF domain. 
Importantly, DrrA(1-500), which lacks Rab1 GEF activity’’, was suf- 
ficient to displace Rab GDI from Rab], indicating that Rab1 nucleo- 
tide exchange is not required for Rab GDI displacement by DrrA. 
Thus, Rab GDI displacement and Rab1 guanine nucleotide exchange 
are separate activities mediated by the DrrA protein. 

Interactions between Rab GDI and a Rab protein can interfere with 
GEF activation because Rab GDI binding directly engages the Rab 
switch regions and inhibits GDP release****. A GDF is predicted to 
recognize both Rab GDI and the Rab protein, and release Rab GDI 
from the complex, to enable a GEF to access the switch regions and 
catalyse nucleotide exchange. Our data indicated that DrrA possesses 
both GDF and GEF activity, predicting that DrrA should be able 
to activate Rabl even when Rabl—Rab-GDI is used as a substrate. 
The sensitized emission accompanying tryptophan to 2'(3')-O-(N- 
methylanthraniloyl) (mant) fluorescence resonance energy transfer 
was used to measure the exchange of GDP for mant-GTP using 
Rabl—Rab-GDI as a substrate. Full-length DrrA activated Rabl, 
whereas the DrrA(451-647) protein containing the GEF domain 
but deficient in GDF activity was unable to activate Rabl when the 
Rab1—Rab-GDI complex was used as a substrate (Fig. 1d). These data 
are in contrast to previous data showing that full-length DrrA and 
DrrA(451-647) had similar catalytic activities in exchange reactions 
for Rab1 alone, and demonstrate that when Rabl1—Rab-GDI is used as 
a substrate, Rab GDI displacement is essential for DrrA-mediated 
activation of Rabl. 


LepB binds Rab1-GTP 


Because Rab1 on the LCV would be available for binding to other 
L. pneumophila proteins after DrrA activation, we investigated 
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whether any Dot/Icm-translocated proteins of unknown function 
could interact with Rabl in a GTP-bound conformation. This 
was done using the GTP-locked glutathione S-transferase (GST)— 
Rab1(Q70L) protein (in which Gln 70 was mutated to Leu) to co- 
precipitate GFP-tagged L. pneumophila proteins from transfected 
mammalian cell lysates. This analysis revealed an interaction between 
GST-Rab1(Q70L) and the L. pneumophila protein LepB (Fig. 2a). 
The GDP-locked GST—Rab1(S25N) protein did not bind to LepB, 
indicating that LepB interacts preferentially with active Rabl-GTP 
(Fig. 2a). LepB did not bind to the GTP-locked GST—Rab7(Q67L), 
indicating specificity for the interaction between LepB and Rabl. 
Direct binding between purified His—LepB and GST-—Rab1(Q70L) 
was detected, indicating that this interaction does not require other 
cellular factors (Fig. 2b). 


LepB is translocated shortly after uptake 


Previous studies have indicated that LepB is involved in programmed 
release of L. pneumophila from protozoan host cells, and not mam- 
malian cells, by an exocytic process that occurs after bacteria have 
completed their intracellular replication phase”. Thus, the possibility 
that Rab] is a target of LepB function was surprising given that Rab1 
is conserved in protozoan and metazoan organisms, and because 
Rab1 is found on the L. pneumophila vacuole shortly after bacterial 
uptake and is removed from the vacuole before bacterial replication 
initiates'*!°. Spatial and temporal analysis of LepB localization in 
L. pneumophila-infected macrophages was conducted to determine 
whether the kinetics of LepB and Rab] association with the LCV were 
similar. Immunofluorescence microscopy revealed detectible levels 
of LepB on LCVs containing a single bacterium at 3h post infection 
(Fig. 2c). LepB was also present on mature endoplasmic-reticulum- 
derived vacuoles containing replicating L. pneumophila at 11h post 
infection (Fig. 2c). DrrA and Rab1 were present on early LCVs at the 
30-min time point after infection, whereas LepB was not detected this 
early (Fig. 2d). The percentage of LCVs positive for Rab1 peaked at 
2h post infection, a time at which the presence of LepB on the LCVs 
became apparent. As the frequency of vacuoles staining positive 
for LepB increased, the percentage of vacuoles staining positive for 
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Figure 1| DrrA has GDF activity that is required for activation of Rab1 
bound to Rab GDI. a, The proteins indicated were produced with 

3X Flag—Rab1 and Rab GDI in HEK293 cells. The amount of Rab GDI 
associated with 3 x Flag—Rab]1 in each lysate (Pulldown) was compared to the 
total amount in the cell lysate (Input) by immunoblot analysis. b, Isolated 
Rab1—Rab-GDI complex attached to anti-Flag agarose was incubated with 
the indicated purified His-tagged DrrA proteins. The release of Rab GDI was 
measured over 75 min after addition of the His—DrrA proteins by 
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immunoblot analysis of supernatants. Rab GDI that remained associated 
with the beads at the end of the reaction was eluted in 0.1 M glycine, pH 3.5, 
and measured by immunoblot analysis (beads). c, The amount of Rab GDI 
released after incubation with the indicated His-tagged DrrA proteins was 
determined by measuring the intensity of the bands in b. d, The Rab1—Rab- 
GDI complex was incubated with the indicated DrrA protein or buffer alone 
(No DrrA), and increased fluorescence resulting from mant-GTP loading 
was used to measure Rab] activation. 
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Figure 2 | LepB interacts with GTP-bound Rab1 and is detected on the early 
LCV. a, The indicated GST fusion proteins were incubated with lysate from 
HEK293 cells producing GFP—LepB. Binding of GFP—LepB to the 
precipitated GST fusion protein was measured by immunoblot analysis. 

b, Purified His-tagged LepB was incubated with either GST—Rab1(Q70L) or 
GST-Rab7(Q67L). Binding of His—LepB to the precipitated GST fusion 
protein was measured by immunoblot analysis. Input represents 3.7% of the 
total reaction volume. c, Mouse bone-marrow-derived macrophages 
infected with either wild-type or a AlepB mutant strain of L. pneumophila 
were fixed either 3 h or 11h post-infection and stained with a LepB-specific 


DrrA and Rab! decreased. At 7h post infection most of the LCVs 
stained positive for LepB, but DrrA and Rab] staining was no longer 
detectible (Fig. 2d). These data indicate that both Rab1 and LepB are 
present on the early LCV membrane; however, LepB remains assoc- 
iated with compartments that support L. pneumophila replication 
and Rab1 cycles off. 


LepB disrupts early secretory transport 

The finding that LepB is delivered by the Dot/Icm system shortly after 
bacterial uptake suggests that LepB and Rab1 interact directly on this 
compartment. To examine in vivo co-localization of these proteins in 
the absence of infection, LepB and Rab1 were produced together in 
mammalian cells. The LepB protein and GFP—Rab1(Q70L) co-loca- 
lized in the cell (Fig. 3a); this is consistent with the in vitro studies 
showing that these proteins can interact. In cells producing wild-type 
Rab1, however, LepB staining was diffuse and showed no appreciable 
co-localization with red fluorescent protein (RFP)—Rab1 (Fig. 3a), 
indicating that the GTP-locked derivative of Rabl forms a more 
stable complex with LepB than does the wild-type Rab1, which cycles 
between a GDP- and GTP-bound conformation. To investigate 
whether LepB might alter Rabl-dependent processes in the eukar- 
yotic cell, the morphology of the Golgi apparatus was examined in 
cells producing LepB. Overproduction of LepB resulted in the dis- 
persion and fragmentation of the Golgi apparatus, as determined by 
staining for the matrix protein GM130 (golgi autoantigen, golgin 
subfamily a, 2, also known as GOLGA2) (Supplementary Fig. 2). 
Measuring the secretion of an alkaline phosphatase reporter in trans- 
fected cells confirmed that production of LepB disrupted the secre- 
tory pathway (Fig. 3b). 


LepB is a Rab1 GAP 

Effectors and GAPs associate preferentially with Rab proteins in their 
GTP-bound conformation”*. The appearance of LepB on the LCV 
at the time at which Rab1 begins to cycle off the LCV, and the 
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antibody (green) and 4,6-diamidino-2-phenylindole (DAPI, blue). Arrows 
in the images obtained by fluorescence microscopy indicate LepB staining of 
the LCV at 3h and 11h for cells infected with wild-type L. pneumophila, but 
not for vacuoles containing the AlepB mutant. d, Mouse bone-marrow- 
derived macrophages infected with L. pneumophila were fixed at the times 
indicated post infection and stained for DrrA (circles), Rab1 (squares) or 
LepB (triangles). For the indicated protein at indicated times post infection, 
at least 100 vacuoles were scored; the numbers represent the percentage of 
LCVs that stained positive. These results were verified for each protein in 
two independent experiments. 
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Figure 3 | LepB interacts with Rab1-GTP and disrupts secretory transport 
in mammalian cells. a, Ectopically produced LepB protein was localized in 
CHO FcyRII cells using a LepB-specific antibody. Fluorescence micrographs 
show that LepB co-localized with GTP-locked Rab1(Q70L), but did not co- 
localize with wild-type Rab1 protein. b, Secretion of an alkaline phosphatase 
reporter protein was measured in HEK293 cells producing yellow 
fluorescent protein (YFP), the L. pneumophila RalF protein fused to GFP 
(GFP-RalF) as a positive control or LepB. The relative percentage of alkaline 
phosphatase protein in the tissue culture medium was determined, and is 
shown as the percentage in tested cells relative to the percentage in control 
cells producing YFP. Values are the average calculated from three 
independent assay wells + standard deviation, and show that both 
GFP-RalF and LepB interfered with alkaline phosphatase secretion 
significantly, as determined by unpaired two-tailed Student’s t-test (asterisk, 
P<0.001). 
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preferential localization of LepB with the GTP-locked Rab1(Q70L) 
protein in vivo, are results that would be more consistent with LepB 
functioning as a GAP rather than as an effector of Rab1. Thus, puri- 
fied LepB was analysed for GAP activity in vitro using Rabl as a 
substrate. Rab1 GTP hydrolysis was stimulated on the addition of 
purified LepB (Fig. 4a). The catalytic efficiency (keat/Km) of Rab1l 
GTP hydrolysis stimulated by LepB was approximately 10*M~'s_', 
which was similar to the catalytic efficiency measured for yeast Gyp1, 
a previously characterized eukaryotic GAP that stimulates Rabl GTP 
hydrolysis’®**. The specificity of the LepB GAP activity was tested 
using several mammalian Rab proteins as substrates. Rabl was the 
only protein in which a significant increase in GTP hydrolysis was 
observed on the addition of LepB (Fig. 4b). These data show that LepB 
has GAP activity specific for Rabl, making this the only bacterial 
protein currently known that has the capacity to modulate Rab func- 
tion by stimulating GTP hydrolysis. 


Discussion 

These data indicate that proteins translocated into host cells by 
L. pneumophila have activities that control three critical events 
involved in the dynamic cycling of the Rabl GTPase on membranes. 
DrrA is a multifunctional enzyme with both GDF and GEF activities. 


a 010 nearonrstanatel 67 nM LepB 
0.08 re | 26 nM Gyp1 
Gna oll 22 nM LepB 

g £ 

S$ 0.04 ae 


7 nM LepB 
wes, Rab1 alone 


"60 80 100° 120 


0 20° 40 
Time (min) 
0.03 0.03 
Rab2 
0.02 
0.01 
0 
oe -0.01F a cpg e 
0 33 66 100 0 33 66 100 0 33 66 100 
Time (min) Time (min) Time (min) 
0.03 0.03 0.03 
Rab6 Rab7 + Rab11 
0.02 0.02 + 
0.01 7 
ee fe 
has L 
Lt 0) -0.01 — os 
0 33 66 100 0 33 66 100 0 33 66 100 
Time (min) Time (min) Time (min) 
0.08 Fb33 150 nM LepB 
0.02 50 nM LepB 
0.01 No LepB (intrinsic) 
Oo} 
-0.01 


ti Ree 
0 33 66 100 
Time (min) 


Figure 4 | LepB is a Rab1-specific GAP. a, Inorganic phosphate release 
(AA360) resulting from Rab1—GTP hydrolysis was measured over time (min) 
after the addition of purified His-tagged LepB or yeast Gyp1 at the 
concentrations indicated, and compared to the intrinsic rate of GTP 
hydrolysis by Rab1 (Rab1 alone). b, Inorganic phosphate release (AA3¢0) 
resulting from GTP hydrolysis was measured over time (min) for the 
indicated Rab proteins after the addition of 150 nM LepB (red) or 50 nM LepB 
(green), and compared to the intrinsic rate of GIP hydrolysis (No LepB). 
Plots show results from two different assay wells for each condition tested. 
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Previously, the only cellular factor shown to have GDF activity was 
the eukaryotic Rabacl protein*’. Because Rabacl is an integral 
membrane protein that seems to have multiple functions in control- 
ling membrane traffic’®, it has been difficult to demonstrate the spe- 
cific importance of the GDF activity in recruiting Rab GTPases to 
subcellular organelles. Our data on the L. pneumophila DrrA protein, 
however, demonstrate clearly that both GDF and GEF activities are 
needed for membrane recruitment of the Rab1 protein to a plasma- 
membrane-derived organelle. These findings raise the possibility that 
eukaryotic proteins that function as Rab GEFs might also have sepa- 
rate domains or subunits that mediate Rab GDI displacement. Thus, 
these studies not only show the importance of GDF activity in the 
recruitment of Rab proteins to membranes but also provide new 
insight into a process that might be used by other Rab GEFs to 
mediate nucleotide exchange. 

In addition to encoding an activator of Rabl, our data dem- 
onstrate that the L. pneumophila LepB protein is a GAP for Rabl. 
The ability of LepB to deactivate Rab1 through stimulating GTP 
hydrolysis could facilitate removal of the GTPase from the early 
LCV after this plasma-membrane-derived compartment has under- 
gone maturation events mediated by the association and fusion of 
secretory vesicles. Indeed, we determined that Rab] association with 
the LCV membrane was transient and the cycling of Rab1 off the LCV 
occurred at a time at which LepB began to accumulate on this organ- 
elle. Being a large protein with a calculated molecular weight of 
148.6 kilodaltons, it is likely that LepB has multiple effector activities, 
as discovered for the smaller DrrA protein. It will be interesting to 
locate the GAP domain in LepB and determine whether this region is 
required for the egress defect reported previously for a L. pneumo- 
phila lepB mutant. Identifying the GAP domain might be challen- 
ging because LepB does not possess the canonical TBC (Tre-2, Bub2 
and Cdcl6) domain found in most eukaryotic Rab GAPs”"®. 
Although LepB may still use arginine and glutamine residues for a 
dual-finger mechanism to stabilize the transition state of the GIP 
hydrolysis reaction of the Rab, the lack of homology to other TBC 
proteins indicates that the structure of the domain in LepB contain- 
ing catalytic residues important for GAP activity is likely to be dif- 
ferent. Thus, future investigations into the structure and function of 
LepB are likely to reveal how convergent evolutionary processes have 
led to the emergence of a bacterial Rab GAP. 

On the basis of these findings, we propose the following model for 
how L. pneumophila proteins regulate Rab1 activity on the LCV 
membrane. DrrA has the intrinsic ability to bind to the cytosolic 
surface of the plasma membrane”’. Because the LCV is initially a 
plasma-membrane-derived organelle, translocated DrrA protein 
associates with the immature LCV formed on bacterial internaliza- 
tion. The GDF activity of DrrA promotes the sampling of cytosolic 
Rab proteins associated with Rab GDI. When Rab1—Rab-GDI com- 
plexes are sampled, the removal of Rab GDI permits the GEF domain 
in DrrA to activate Rabl, leading to the stable association of Rab1 
with the LCV membrane. Active Rab] facilitates organization of the 
LCV membrane to promote the delivery and fusion of endoplasmic- 
reticulum-derived vesicles'*”’. DrrA cycles off because the composi- 
tion of the vacuole membrane changes. The LepB protein accumu- 
lates on the LCV membrane and the GAP activity facilitates the 
removal of Rabl by stimulating GTP hydrolysis. The removal of 
Rab1 coincides with fusion of the LCV with the host endoplasmic 
reticulum and replication of L. pneumophila in a vacuole containing 
endoplasmic reticulum proteins. 


METHODS SUMMARY 


Plasmids encoding 3Flag—Rabs, Rab GDI and DrrA were transfected into 
HEK293 cells, and 3XFlag—Rab complexes were isolated using anti-Flag M2 
affinity gel (Sigma). Recombinant His-tagged DrrA proteins were purified from 
Escherichia coli as described'’. Rab GDI release was detected by immunoblot 
analysis using anti-Rab-GDI antibody (Synaptic Systems). For the GEF assays, 
3Flag—Rab1-Rab-GDI complexes were eluted from the anti-Flag agarose 
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using 3XFlag peptide, and were concentrated using an Amicon centrifugal 
filter unit with Ultracel-30 membrane (Millipore). The exchange reaction was 
initiated on addition of the non-hydrolyzable GTP analogue mant-GppNHp, 
and fluorescence was monitored at 460 nm following excitation at 290 nm using 
a Sapphire multimode microplate spectrophotometer. Recombinant His—LepB 
and GST-Rabs were purified from E. coli using standard procedures and were 
used in binding assays as described**”’, Rabbits were immunized with purified 
LepB to generate LepB-specific polyclonal antibodies. LepB co-localization with 
RFP-Rab1 and GFP—Rab1(Q70L), and LepB-mediated inhibition of alkaline 
phosphatase secretion, were analysed as described*’. Bone-marrow macrophages 
derived from A/J mice were infected with L. pneumophila, and LepB, Rab1 and 
DrrA co-localization with vacuoles containing L. pneumophila was determined 
by fluorescence microscopy as described'**'. Purified His—LepB and GTP-loaded 
GST-Rab proteins were used in the GAP assays with purified yeast Gyp1 as a 
control. The EnzChek phosphate assay (Molecular Probes) was used to measure 
GTP hydrolysis as described”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Isolation of 3 x Flag—Rab-Rab-GDI complexes and Rab GDI release assays. 
HEK293 cells transfected with plasmids expressing 3XFlag—Rab proteins and 
Rab GDI were lysed on ice in 64mM Tris-HCl, pH 8.0, 150 mM NaCl, 8mM 
MgCl,, 2mM EDTA, 0.2 mM GDP, 0.1% CHAPS and protease inhibitors. After 
clearing by spinning at 14,000g for 10 min, lysates were incubated with anti-Flag 
M2 affinity gel (Sigma) (approximately 1.5 X 10° cells per ml of resin), and 
subsequently the resin was washed with lysis buffer. To assess GDF activity in 
vitro, purified His—DrrA protein was added (0.45 nmol per 20 pl anti-Flag resin 
in 140 ul total reaction volume) and incubated for 75 min at 25°C. Soluble 
fractions were recovered after centrifugation at 5,000g for 30s. Bound protein 
was eluted with protein sample buffer at 100 °C (Fig. 1a), 0.1 M glycine, pH 3.5, 
at 25 °C (Fig. 1b, beads), or 100 ug per ml 3X Flag peptide (Sigma) (Fig. 1d) in 
volumes equal to the reaction volume. Rab GDI was detected by immunoblot 
analysis using anti-Rab-GDI antibody (Synaptic Systems). 

Rab1—Rab-GDI GEF assays. Rab1—Rab-GDI complex (0.8 uM) was incubated 
in buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 2mM MgCh, 0.1% CHAPS) with 
either 0.25 1M full-length DrrA (1-647) or the minimal DrrA GEF domain (451- 
647). The exchange reaction was initiated on addition of 10 1M mant-GppNHp. 
Samples were excited at 290 nm, and emission was monitored at 460 nm using 
a Sapphire multimode microplate spectrophotometer to measure increased 
sensitized emission accompanying tryptophan to mant fluorescence resonance 
energy transfer that occurs on mant-GppNHp loading. 

Binding of LepB to GST-Rabs. GST-tagged and His-tagged proteins were 
purified from E. coli as described’’. Binding assays were performed based on 
described methods**”’. Human HEK293 cells transiently transfected with plas- 
mid expressing LepB were lysed in 10 mM HEPES, pH 7.4, 150 mM KCl, 5mM 
MgCl,, 1mM DTT, 1% Triton X-100 and protease inhibitors. Protein from 
post-nuclear supernatants (100 ug) was added to purified GST-Rab proteins 
(approximately 100 ug) immobilized on glutathione sepharose 4B in the pre- 
sence of 0.2mM GDP (for GST and GST-Rab1(S25N)) or 0.2mM GTP (for 
GST-Rab1, GST—Rab1(Q70L) and GST—Rab7(Q67L)). Alternatively, purified 
recombinant His-LepB (201g) was added to the immobilized GST-Rabs 
(100 j1g). Binding reactions were performed in 250 ul of lysis buffer containing 
0.2 mM guanine nucleotide for 14h at 4°C. After washing, bound protein was 
eluted in 10mM HEPES, pH 7.4, 1.5M KCl, 20mM EDTA and 1mM DTT 
containing either 5mM GTP (for GST and GST-Rab1(S25N)) or 5mM GDP 
(for GST-Rab1, GST-—Rab1(Q70L) and GST-Rab7(Q67L)). 

Eukaryotic expression of LepB. For localization studies of LepB and GFP-Rab1 
in eukaryotic cells, Chinese hamster ovary (CHO) FcyRII cells expressing LepB 
along with RFP—Rab1 or GFP—Rab1(Q70L) were fixed and stained with antibody 
against LepB. Cells were subsequently visualized by fluorescence microscopy 
using a Nikon Eclipse TE2000-S microscope. Digital images were acquired using 
a Hamamatsu ORCA-ER camera and exported into Adobe Illustrator C2 for the 
production of figures. Secretion assays were performed as described previously”. 
Data are presented as the measured alkaline phosphatase activity in the cell 
culture media 7h after replacement of the media of transfected cells, relative 
to the cell-associated alkaline phosphatase activity. Displayed in Fig. 3b are the 
average values from three independent assay wells + standard deviation. 
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Infection and staining of murine bone-marrow-derived macrophages. 
Macrophages were derived from bone marrow precursor cells and infected as 
described*'’. After fixation, macrophages were stained for Rab] and for DrrA as 
described’**', and for LepB with a rabbit polyclonal antibody raised against 
purified His—LepB. Samples were visualized by fluorescence microscopy using 
a Nikon Eclipse TE2000-S microscope. At least 100 LCVs were counted for each 
protein examined, and the data are representative of two independent assays. 
GAP assays. GAP assays were performed as described”. Purified GST-Rab pro- 
teins were loaded with GTP, and unbound nucleotide was removed using a 
desalting column. Phosphate release was measured in reactions containing 
27 uM Rab1 using the EnzChek phosphate assay (Molecular Probes) after the 
addition of purified LepB—His or yeast Gyp1. Catalytic efficiency of the LepB- 
His GAP reaction using GST-Rab1 was calculated as described*°. To compare the 
activities of LepB-His for the different Rab proteins, initial velocities were cal- 
culated: from 810—2,208s of the reactions with Rab1l, Rab5, Rab7 and Rab33; 
from 973-1,980 s of the reactions with Rab2 and Rab11; and from 3,025—3,966 s 
of the reaction with Rab6. These rates with and without LepB—His were analysed 
with the following equation: 


(eat! Km)/Kintr = ((Ve/ Vi) — 1)/[GAP] 


Where V, is the rate with LepB-His, V; is the rate without LepB—His, and [GAP] 
is the concentration of LepB—His. 

Construction of plasmids and AlepB mutant strain. His-tagged versions of 
LepB were constructed by cloning the gene amplified from L. pneumophila 
genomic DNA into the NdeI and BamHI sites of pET15b, and Ndel and Xhol 
sites of pET26b. For cloning into pcDNA 4/TO, lepB was amplified and inserted 
into the BamHI and Xhol sites of the digested vector. Full-length complementary 
DNA encoding human GDP dissociation inhibitor 1 was obtained from Open 
Biosystems (IHS1380-97430805). For mammalian cell expression, GDI1 was 
amplified and inserted into the BamHI and Xhol sites of pcDNA 4/TO. A 
3 Flag expression vector was created for tagging Rabs by the Flag epitope into 
the KpnI and BamHI sites of pcDNA 4/TO. This vector, 3 Flag pcDNA 4/TO, 
was digested at the BamHI and Xhol sites to insert the cDNA encoding Rab1 and 
Rab2. To construct the clean deletion of lepB in L. pneumophila, pSR47S was 
used*’. The genomic regions proximal to lepB were amplified and inserted into 
the Xbal and Sacl sites of pSR47S. Construction of the isogenic AlepB mutant in 
the L. pneumophila strain Lp01 by allelic replacement was as described™. 
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Portability of paddle motif function and 
pharmacology in voltage sensors 


AbdulRasheed A. Alabi'*, Maria Isabel Bahamonde!*, Hoi Jong Jung’, Jae Il Kim? & Kenton J. Swartz’ 


Voltage-sensing domains enable membrane proteins to sense and react to changes in membrane voltage. Although identifiable 
S1-S4 voltage-sensing domains are found in an array of conventional ion channels and in other membrane proteins that lack 
pore domains, the extent to which their voltage-sensing mechanisms are conserved is unknown. Here we show that the 
voltage-sensor paddle, a motif composed of S3b and S4 helices, can drive channel opening with membrane depolarization when 
transplanted from an archaebacterial voltage-activated potassium channel (KvAP) or voltage-sensing domain proteins (Hv1 and 
Ci-VSP) into eukaryotic voltage-activated potassium channels. Tarantula toxins that partition into membranes can interact with 
these paddle motifs at the protein-lipid interface and similarly perturb voltage-sensor activation in both ion channels and 
proteins with a voltage-sensing domain. Our results show that paddle motifs are modular, that their functions are conserved in 
voltage sensors, and that they move in the relatively unconstrained environment of the lipid membrane. The widespread targeting 
of voltage-sensor paddles by toxins demonstrates that this modular structural motif is an important pharmacological target. 


Ion channels that open and close in response to changes in membrane 
voltage have a modular architecture, with a central pore domain that 
determines ion selectivity, and four surrounding voltage-sensing 
domains that move in response to changes in membrane voltage to 
drive opening of the pore’ (Fig. 1a). Although X-ray structures have 
now been solved for two voltage-activated potassium (Kv) chan- 
nels'’*”, the structural basis of voltage sensing remains controver- 
sial’®*, A seminal observation in the X-ray structures of the KvAP 
channel, an archaebacterial Kv channel from Aeropyrum pernix, was 
that the S3b helix and the charge-bearing S4 helix within the voltage- 
sensing domain form a helix—turn—helix structure, termed the paddle 
motif'*”. Studies on KvAP'”*""* indicate that this voltage-sensor pad- 
dle is buried in the membrane and that it moves at the protein—lipid 
interface; this contrasts with models for eukaryotic Kv channels, in 
which the S4 helix is protected from membrane lipids by other regions 
of the protein’? '*!”~". Voltage-sensing domains have also been 
described recently in voltage-sensing proteins that lack associated pore 
domains*”*”*. In the Ciona intestinalis voltage sensitive phosphatase 
(Ci-VSP) the voltage-sensing domain is coupled to a phosphatase 
domain, and in the voltage-activated proton channel (Hv1) the 
voltage-sensing domain itself is thought to function as a proton chan- 
nel. Here we explore whether the mechanisms of voltage sensing are 
conserved between the distantly related eukaryotic and archaebacterial 
Kv channels, and the newly discovered voltage-sensing-domain pro- 
teins Ci-VSP and Hvl. Using a chimaera approach, we first examine 
whether specific structural elements within voltage sensors can be 
transferred between Kv channels and voltage-sensing-domain proteins 
while preserving functional responses to changes in membrane voltage. 
We then use a family of tarantula toxins that interact with voltage- 
sensing domains to explore the structural integrity of these modular 
motifs and their disposition with respect to the lipid membrane. 


Chimaeras between Kv channels 


We began by generating chimaeras between the archaebacterial KvAP 
channel” and the eukaryotic Kv2.1 channel from rat brain” to define 


the interchangeable regions. Transfer of the KvAP pore domain into 
Kv2.1 results in channels that open in response to membrane depol- 
arization (Fig. 1a, Supplementary Fig. 1 and Supplementary Table 1), as 
long as the S4—S5 linker helix and the most carboxy-terminal region of 
the S6 helix are from the same channel—a result that reaffirms the 
modular architecture of Kv channels and the important roles of the 
S4-S5 and S6 helices in coupling the voltage-sensing and pore 
domains*”®. We then turned to identifying the regions within the 
voltage-sensing domains that are compatible, and in doing so produced 
>60 chimaeras that varied in the amount of KvAP sequence they con- 
tained and in the region transferred (Fig. 1 and Supplementary Fig. 1). 
Most of these constructs result in non-functional channels (Fig. la and 
Supplementary Fig. 1), a result that is not surprising given that these 
constructs typically contain many (often radical) amino acid changes. 
One region stands out, however, where relatively large portions of 
KvAP can be transferred into Kv2.1 without disrupting channel func- 
tion. The transferable region begins at the junction between $3a and S3b 
helices and ends just past the first four critical Arg residues in S4 (refs 17, 
27 and 28), corresponding to the paddle motif identified in the X-ray 
structure of KvAP' (Fig. la—d). These paddle chimaeras display robust 
voltage-activated K* currents and gating properties that are qualita- 
tively similar to Kv2.1 (Fig. 1d). A similar chimaera in which the paddle 
of KvAP is transferred to the Shaker Kv channel from Drosophila” also 
results in functional Kv channels (Fig. 2a and Supplementary Table 1), 
indicating that the results with Kv2.1 are applicable to other types of Kv 
channels. Extending the region transferred by extension on the amino- 
terminal side of the paddle into the S3a helix or on the carboxy-terminal 
side beyond the first four Arg residues in S4 results in non-functional 
channels (Fig. 1b and Supplementary Fig. 1). The inability to extend 
into the C-terminal portion of S4 is consistent with the presence of 
crucial protein—protein interactions between the inner regions of the S4 
and S5 helices*®. The preservation of channel function observed in the 
paddle chimaeras is quite remarkable considering the large number of 
amino acid substitutions they contain. One such chimaera (C7[S3—S4] 
AP, using the nomenclature Cx[region transferred]donor channel, 
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where x is the chimaera number within that region) contains 25 single- 
residue substitutions (15 of which are non-conservative) and a 
7-residue deletion. In the context of so many chimaeras that do not 
result in functional channels, the successful transfer of the paddle motif 
indicates that this region is modular and unique in its paucity of rigidly 
constraining side-chain interactions with other parts of the protein. 


Toxins interacting with paddles in Kv channels 


To further explore the structural and functional integrity of the chi- 
maeras, we examined their sensitivities to tarantula toxins known to 
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Figure 1| Transfer of the voltage-sensor paddle motif from KvAP to Kv2.1 
channels. a, Overview of chimaeras between KvAP (blue) and Kv2.1 (black). 
Constructs that result in functional Kv-channel activity when expressed in 
oocytes are indicated with green circles and those that are non-functional are 
indicated with red circles. b, Definition of the region within the voltage sensor 
of KvAP (indicated by dashed lines) that results in functional channels when 
transferred to Kv2.1. Alignment between KvAP and Kv2.1 in the region from 
S3 to S4, highlighting the stretch of residues transferred to form C7[S3-S4] AP 
(blue bar). Conserved residues are shown in bold lettering. c, Backbone fold of 
a single subunit from KvAP (left, PDB accession number, 2A0L), depicting the 
paddle region in blue. The arrow indicates the permeation pathway for 
potassium ions. These and all subsequent structures were created using 
PyMOL (DeLano Scientific LLC). d, Potassium currents and tail-current 
voltage—activation relationship (n = 5-12, error bars represent s.e.m.) for 
Kv2.1 and the C7[S3-S4] AP paddle chimaera after expression in oocytes. The 
holding voltage was —80 mV and the tail voltage was —60 mV. 
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inhibit Kv channels by interacting with voltage sensors. The two 
toxins we focused on are hanatoxin (HaTX), which does not interact 
with KvAP but inhibits Kv2.1 by interacting with its voltage-sensor 
paddle**’, and voltage-sensor toxin 1 (VSTX1), a related tarantula 
toxin that does not inhibit either Kv2.1 or Shaker (Fig. 2a) but inhi- 
bits KvAP by binding somewhere within its S1-S4 domain’**”*. 
Transferring the KvAP paddle into Shaker (C*[S3-S4]AP) renders 
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Figure 2 | Sensitivity of KvAP paddle chimaeras to extracellular 

tarantula toxins. a, Channel constructs, designated at the left with KvAP 
segments shown in blue, were expressed in oocytes and potassium currents 
elicited by depolarizations in the absence (black) or presence (red) of either 
HaTX or VSTX1. Depolarizations were to voltages near the foot of the 
voltage—activation relationship (relative open probability of <0.3) for each 
construct. All chimaeras involving Kv2.1 are defined in Supplementary Fig. 1. 
The paddle chimaera in Shaker (C*[S3-S4]AP) was generated by 
transplanting Pro 99—Arg 126 of KvAP into Pro 322—Arg 371 of Shaker. 
C*[S3-S4]AP was studied with alow K*~ external solution, and all others were 
studied with a high K* external solution (see Methods). Shaker has a very low 
sensitivity to HaTX* and was not studied. VSTX1-insensitive channels were 
only studied at the highest VSTX concentration. b, VSTX1 inhibition of 
chimaera C2[S4]AP is voltage-dependent. Potassium currents were recorded 
for weak (0 mV, left) and strong (60 mV, right) depolarizations, before and 
after addition of 12 uM VSTX1. The inset to the right shows scaled tail 
currents after depolarization to 60 mV. c, Families of currents recorded in 
response to depolarizations in the absence (black) and presence (red) of 12 UM 
VSTX1. The holding voltage was —90 mV and the tail voltage was —60 mV. 
Corresponding tail-current voltage—activation relationships for the traces 
shown, in which tail-current amplitude is plotted against test voltage. 
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this eukaryotic Kv channel sensitive to extracellular VSTX1 (Fig. 2a), 
indicating that this tarantula toxin interacts with the paddle motif in 
KvAP, similar to the interaction of HaTX with the Kv2.1 channel. 
Transferring the S3b helix of KvAP alone into Kv2.1 (C3[S3]AP) 
results in a channel that is insensitive to extracellular HaTX 
(Fig. 2a); this makes sense because KvAP is insensitive to HaTX, 
and the most crucial determinants of HaTX binding to Kv2.1 are 
localized within S3b*'~”’. In the case of VSTX1, transferring the $4 
helix alone from KvAP into Kv2.1 (C2[S4] AP, C4[S4] AP, C9[S4] AP) 
is sufficient to render the recipient channel sensitive to VSTX1, in 
each case without disrupting sensitivity to HaTX (Fig. 2a). Although 
these results do not preclude important interactions between VSTX1 
and the S3b helix of the paddle, they point to a particularly important 
role of the S4 helix. 

One of the hallmarks of toxins that inhibit by stabilizing the resting 
state of the paddle motif (for example, HaTX) is that inhibition can 
be overcome when the channel is activated by strong depolarization 
of the membrane*'****. Although VSTX1 prevents opening of chi- 
maeras containing the S4 helix from KvAP in the Kv2.1 channel (for 
example, C2[S4]AP) when activating the channel using weak depo- 
larizations to 0 mV, the channel opens robustly in response to large 
depolarizations to +60 mV (Fig. 2b). In effect, VSTX1 shifts activa- 
tion of the channel to more depolarized voltages (Fig. 2c), similar to 
what is seen in the case of HaTX*?*”*. Similar shifts of channel 
activation are observed for each of the VSTX1-sensitive paddle chi- 
maeras studied here (data not shown). The kinetics of channel activa- 
tion are biphasic in the presence of VSTX1 (Fig. 2b), raising the 
possibility that the toxin unbinds during strong depolarizations— 
an inference that is supported by experiments using multiple-pulse 
protocols to measure toxin dissociation (Supplementary Fig. 2). 
Taken together, these results indicate that tarantula toxins interact 
with helices in the voltage-sensor paddle motif and that these inter- 
actions are appropriately preserved in the chimaeras. Both of these 
toxins are thought to interact with their target channels within the 
lipid membrane’****”?*°, which fits nicely with the portability of the 
paddle between the two types of distantly related Kv channels because 
it suggests that the unconstrained environment is actually the lipid 
membrane. 


Structural analysis of the toxin receptor 


Although it is clear that the paddle motif is the receptor for tarantula 
toxins such as HaTX in Kv2.1*'~’, the disposition of the toxin- 
binding surface with respect to the lipid membrane and other regions 
of the protein is unclear. HaTX does not interact tightly with either 
KvAP or Kv1.2—the two Kv channels for which X-ray structures are 
available—and the sequence similarity between these channels and 
Kv2.1 is quite low, precluding assignment of crucial residues within 
the existing structures. The interaction of VSTX1 with chimaeras 
containing the entire paddle of KvAP (Fig. 2), however, offers an 
opportunity to explore the structure of a tarantula toxin receptor 
because there are three X-ray structures of KvAP'*, and the structure 
of the paddle motif in these is very similar (whether or not an anti- 
body is bound). 

To define the critical residues within the paddle motif that may 
interact with VSTX1, we Ala-scanned the paddle region of the 
C*[S3-S4]AP chimaera between KvAP and Shaker. Most of the 29 
residues within the KvAP paddle in this construct were individually 
mutated to Ala (except for native Ala residues, which were mutated to 
Val), and the effects on the apparent affinity of the toxin were deter- 
mined*'~*’. Ten mutants stand out as having dramatic effects on toxin 
sensitivity: L102A, L105A, I106A, G108A and H109A within the S3b 
helix, G114A and L115A within the connecting loop, and L118A, 
L122A and L125A within the $4 helix (Fig. 3a and Supplementary 
Table 2). When mapped onto the high-resolution structure of the 
isolated voltage-sensing domain of KvAP', the results provide a 
remarkable picture of how the toxin must dock onto the paddle motif 
because, with the exception of G108A, all of the crucial side chains are 
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located on a contiguous surface of the $3b—S4 helix—turn—helix motif 
(Fig. 3b). This surface is striking in that it is comprised largely of the 
aliphatic residues Ile and Leu, with His 109 being the single import- 
ant polar residue. We can see the disposition of this surface with 
respect to the rest of the channel and the surrounding lipid mem- 
brane by positioning the voltage-sensing domain of KvAP relative to 
the pore domain in a manner that is consistent with the X-ray struc- 
ture of Kv1.2 (ref. 7, Fig. 3c). The surface of the paddle that is critical 
for interacting with VSTX1 projects out towards the surrounding 


0 


PAGLLAL|EGHLAGLGLFRLVRLLRELRI 
99 103 107 111 «+115 119 123 127 


Pore 
domain 


Figure 3 | Structural analysis of the toxin-paddle interaction. a, Shown is an 
Ala-scan of the paddle motif of KvAP in the C*[S3-S4]AP chimaera, where 
perturbations in apparent VSTX1 affinity (Kg™"/K4°") are plotted for 
individual Ala and Val mutants. The dashed line marks a value of 1 and 
numbering corresponds to the amino acid sequence of KvAP. Each mutant 
was examined initially using a concentration of toxin near the Ky for the 
control chimaera; mutants displaying higher Ky values were further examined 
using higher toxin concentrations. n = 3—5 for each toxin concentration, and 
error bars are s.e.m. b, Stereo pair of the isolated voltage-sensing domain of 
KvAP (PDB accession number, 1ORS), with side chains in the paddle 
coloured according to perturbations in toxin affinity as in a. c, Positioning of 
the voltage-sensing domain of KvAP adjacent to a hypothetical pore domain 
according to the X-ray structure of Kv1.2 (PDB accession number, 2A79). The 
a-carbon of Gly 108 is indicated by a red asterisk. 


©2007 Nature Publishing Group 


NATURE| Vol 450|15 November 2007 


lipid bilayer, revealing that the toxin docks onto the paddle motif at 
the perimeter of the channel. This structural picture is consistent with 
functional studies, indicating that tarantula toxins interact with Kv 
channels within the lipid bilayer'****”*?°, and that multiple toxins 
(perhaps up to four) can bind to a single Kv channel relatively inde- 
pendently*'**. The intimate involvement of membrane lipids in con- 
tributing to the toxin receptor*’ is also supported by these 
mutagenesis results, because non-annular lipids that have been 
resolved in crystal structures*' often intercalate between the types 
of aliphatic residues dominating the surface of the paddle that is 
crucial for toxin binding. 


Chimaeras with paddles from voltage-sensing proteins 
Although the recently discovered voltage-sensing proteins, Ci-VSP 
and Hv1>”*”’, contain recognizable $1-S4 transmembrane segments, 
the relationship between their voltage-sensing domains and those 
found in ion channels has yet to be explored. Emboldened by the 
successful transfer of paddle motifs between KvAP and eukaryotic 
Kv channels, we examined whether similar regions of the voltage- 
sensing proteins can drive opening of eukaryotic Kv channels. We 
constructed a series of chimaeras by transferring regions of the 
voltage-sensing domains of Ci-VSP and Hv] into Kv2.1, and, similar 
to our results with KvAP, discovered that the paddle region of these 
voltage-sensing proteins is competent to drive opening of the eukar- 
yotic Kv channel (Fig. 4a—c). Robust voltage-activated K* currents are 
observed for several chimaeras containing the paddle region of the 
voltage-sensing proteins, but extension of these constructs to include 
larger regions of the voltage-sensing domains does not result in func- 
tional channels (Supplementary Fig. 4 and Supplementary Table 3). 
These results reinforce the notion that the paddle motif moves in a 
relatively unconstrained environment and indicate that the general 
mechanisms of voltage-sensing are similar between Kv channels and 
proteins with a voltage-sensing domain. 


Toxins interacting with voltage-sensing proteins 

To explore whether tarantula toxins can interact with the paddle 
motifs of proteins with a voltage-sensing domain, we tested the 
activity of five tarantula toxins and crude Grammostola spatulata 
venom on chimaeras containing paddles from Hvl or Ci-VSP 
in the Kv2.1 channel. Remarkably, HaTX, grammotoxin-SIA 
(GmTXSIA)* and crude venom inhibit the Hvl paddle chimaera 
by shifting activation to positive voltages (Fig. 5a), similar to what is 
seen for the interaction of tarantula toxins with Kv channels*’. To 
confirm that HaTX interacts with the paddle region of Hvl, we 
mutated several residues within the transferred region, and found 
that the D185A mutant effectively eliminates the inhibitory effects of 
the toxin (Supplementary Fig. 5). To examine whether the inter- 
action between HaTX and the Hv1 paddle in the chimaera is pre- 
dictive of interactions between the toxin and the wild-type Hvl 
protein, we expressed Hv1 alone and tested whether HaTX can 
inhibit voltage-activated proton currents. Extracellular application 
of HaTX produces robust inhibition of Hv1 proton currents (Fig. 
5b), revealing that the toxin can interact with the voltage-sensing 
domain of the Hv1 protein itself. When examined over a range of 
membrane voltages, we observed that HaTX shifts activation of the 
Hv1 protein to more positive voltages (Fig. 5b, c). Taken together, 
these results indicate that tarantula toxins can interact with paddle 
motifs, regardless of whether they are present in Kv channels or 
proteins with a voltage-sensing domain. Although HaTX, Scodra 
griseipes toxin 1 (SGTX1) (ref. 43), VSTX1 (ref. 24), GmTXSIA and 
guangxitoxin 1E (GxTX1E)* have little effect on the activity of the 
Ci-VSP chimaera, the crude venom contains inhibitory activity (see 
Supplementary Fig. 6). All of the toxins isolated so far from G. spa- 
tulata venom are related to HaTX and VSTX1”, raising the possibil- 
ity that tarantula venom contains a related toxin that targets the 
paddle motif of Ci-VSP. 
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Discussion 


The present results with paddle chimaeras and tarantula toxins have 
three general implications for the structural basis of voltage sensing. 
First, they indicate that the paddle motif is a modular unit that is 
common to voltage sensors, whether they are found in eukaryotic or 
archaebacterial Kv channels, or in voltage-sensing proteins such as 
the Ci-VSP voltage-sensitive phosphatase or the Hv1 voltage-gated 
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Figure 4 | Transfer of the voltage-sensor paddle motif from Hv1 or Ci- VSP 
into Kv2.1 channels. a, b, Overview of chimaeras between Hv1 (a, light 
blue), Ci-VSP (b, dark blue) and Kv2.1 (black). Constructs that result in 
functional Kv channel activity when expressed in oocytes are indicated with 
green circles and those that are non-functional are indicated with red circles. 
Dashed lines represent the same as in Fig. 1. The amino acid alignment shows 
the sequence of Kv2.1, Hv1 and Ci-VSP in S3 to S4, highlighting (blue bars) 
the stretch of residues transferred to form the two chimaeras indicated. 

c, Current traces and tail-current voltage—activation relationships (n = 3, 
error bars are s.e.m.) for a chimaera expressed in oocytes where the paddle of 
Ci-VSP was transferred into Kv2.1. Test depolarizations were to voltages 
between —50 mV and +80 mV, holding voltage was — 80 mV and tail voltage 
was —50 mV. d, Current traces and tail-current voltage—activation 
relationships (n = 3, error bars are s.e.m.) for a chimaera where the paddle of 
Hv1 was transferred into Kv2.1. Test depolarizations were to voltages 
between —100 mV and +40 mV, holding voltage was —90 mV and tail 
voltage was —90 mV. 
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Figure 5 | Sensitivity of a Hv1 paddle chimaera and the Hv1 proton channel 
to tarantula toxins. a, Voltage—activation relationships in the absence 
(black) and presence (red) of tarantula venom or toxins for a chimaera 
containing the paddle of Hv1 in the Kv2.1 channel. Potassium currents were 
recorded using 300-500 ms test depolarizations from holding voltages 
between —100 mV and —90 mV, and tail voltages between —100 mV and 
—90 mV. Venom was applied at a 1:5,000 dilution and toxin 
concentrations were 2 1M for HaTX, 8 uM for VSTX1, 4M for SGTX1, 

1 uM for GxTX1E and 10 tM for GmTXSIA. b, Proton currents recorded for 
Hyv1 in response to weak (+30 mV, top) and strong (+60 mV, bottom) 
depolarizations, both in the absence (black) and presence (red) of 4 uM 
HaTX. Hv1 was expressed in HEK cells. The holding voltage was —40 mV 
and tail voltage was —60 mV. ¢, Tail-current voltage—activation 
relationships for Hv1 recorded in the absence (black) and presence of 1 uM 
(red squares) or 4 UM (red diamonds) HaTX. For all voltage—activation 
relationships, n = 4—5 and error bars are s.e.m. 


proton channel. The ability of the paddle to support both voltage and 
toxin sensitivity argues that the fundamental voltage-sensing mech- 
anism is probably conserved between these distantly related mem- 
brane proteins. 

Second, the portability of the paddle motif amongst voltage sen- 
sors that have a low sequence similarity indicates that this motif 
resides in a relatively unconstrained environment. To successfully 
transplant such dissimilar paddle motifs in the context of extensive 
packing with the surrounding protein, one would have to transplant 
all interacting regions. The ability of tarantula toxins to interact with 
the paddle within the membrane'****”*?”, as well as the projection of 
residues important for toxin binding out towards the surrounding 
lipid membrane (Fig. 3), suggests strongly that the lipid membrane is 
the flexible environment surrounding the paddle motif. Our results 
do not preclude crucial side-chain interactions between a small sub- 
set of residues in the paddle and other parts of the voltage sensor. The 
charge-carrying Arg residues, for example, are thought to interact 
with acidic residues in $2 and S3 (refs 28 and 45), and there seems to 
be specificity in the positions in $4 where charged moieties contri- 
bute to the total gating charge'’. The Arg residues are the most con- 
served positions in our paddle constructs, so important interactions 
involving these residues are fully compatible with our results. 

Third, the picture of tarantula toxins interacting with crucial resi- 
dues in both S3b and S4 (Figs 2 and 3), when taken together with the 
fact that the paddle can move with the toxin continuously bound” 
(Supplementary Fig. 2), indicates that these two helices within the 
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Figure 6 | Tarantula toxins interacting with voltage-sensor paddle motifs. 
Cartoon depicting the interaction of tarantula toxins with voltage-sensor 
paddle motifs within the lipid membrane for Kv channels, and for the 
voltage-sensing-domain proteins, Ci- VSP and Hv1. Only one of the four 
voltage-sensing domains is shown surrounding the pore domain in Kv 
channels. P is the phosphatase domain of Ci-VSP. 


paddle move roughly as a unit in response to changes in membrane 
voltage. Large rotations of the S4 helix relative to $3b'’, for example, 
would be hard to reconcile with the present picture of tarantula 
toxins docking onto the paddle motif (Fig. 3). 

The demonstration that paddle motifs are portable modules also 
has exciting implications for studying proteins that contain voltage 
sensors, because it means that new proteins can be engineered with 
specific paddle motifs that are tailored for a particular purpose. We 
used the modular feature of voltage-sensor paddles to screen paddles 
from proteins with a voltage-sensing domain for interactions with 
tarantula toxins using Kv channel activity as an assay, which could be 
adapted for high-throughput screening of chemical libraries for com- 
pounds that interact with paddle motifs from any protein that con- 
tains a voltage sensor. X-ray structures are available for only KvAP 
and Kv1.2 channels’”*, and in each of these structures there are key 
regions that are poorly defined or distorted. In ref. 46, the portability 
of the paddle motif is used to solve a new X-ray structure of a Kv 
channel with a paddle variant, leading to important new insights into 
the structural basis of voltage sensing. 

Previous studies on the interaction of HaTX with voltage sensors 
in Kv2.1 channels indicate that the paddle motif observed in the 
KvAP X-ray structure is the key region of the channel that the toxin 
targets’? °”*’. The present studies with tarantula toxins that interact 
with paddle motifs in a wide range of distantly related proteins with 
voltage sensors, including KvAP, Ci-VSP and Hv1 (Fig. 6), establish 
the general principle that the modular paddle motif is an important 
pharmacological target. VSTX1 interacts with the paddle motif in 
KvAP, HaTX can recognize the paddle motif in either Hvl or 
Kv2.1, and other toxins in tarantula venom probably interact with 
the paddle of the voltage-sensitive phosphatase. It will be fascinating 
to use these emerging ideas about paddle motifs to identify new 
molecules and drugs that modulate the activity of the large and 
diverse variety of membrane proteins that contain voltage-sensing 
domains. It will also be exciting to explore the possibility that ion 
channels only distantly related to Kv channels—for example, tran- 
sient receptor potential (TRP) channels—will contain paddle-like 
motifs that have related roles in channel gating and represent import- 
ant pharmacological targets. Indeed, several recently discovered 
tarantula toxins that are very similar to those studied here have been 
shown to activate the capsaicin receptor channel TRPV1 (ref. 47). It 
seems that nature has targeted the paddle throughout evolution, with 
tarantulas being just one example of the organisms that produce 
paddle toxins*”. Such widespread targeting of the paddle motif can 
be explained by the observation that this modular structural motifis a 
uniquely mobile region within S1-S4 voltage-sensing domains”. 


METHODS SUMMARY 

Chimaeras and point mutations were generated using KvAP**, Ci-VSP°, Hvl 
(ref. 23), Kv2.1A7 (refs 3 and 25) or Shaker H4 (ref. 29). Most channel constructs 
were expressed in Xenopus oocytes* and studied using two-electrode voltage- 
clamp recording techniques. For most experiments, the external recording 
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solution contained: 50 mM KCl, 50 mM NaCl, 10-20 mM HEPES, 1 mM MgCl, 
and 0.3 mM CaCl, pH 7.4-7.6 with NaOH. To record outward tail currents for 
the C*[S3—S4]AP chimaera, the external solution contained: 4 mM KCl, 96 mM 
NaCl, 10mM HEPES, 1mM MgCl and 0.3mM CaCl, pH 7.6 with NaOH. 
Macroscopic proton currents were recorded in whole-cell mode using a patch- 
clamp amplifier after expression of Hv1 in HEK cells. The intracellular (pipette) 
solution contained: 100mM Bis-Tris, 75 mM NaCl, 1mM EGTA and 2mM 
MgCh, pH 6.5; the extracellular (bath) solution contained: 100 mM Bis-Tris, 
75mM NaCl, 1 mM EGTA and 3mM CaCh, pH 6.5. 

Hanatoxin was purified from G. spatulata venom (Spider Pharm) as described 
previously**. VSTX1, SGTX1 and GxTXI1E were synthesized using solid-phase 
chemical methods, and were folded and purified as described previously”. 
GmTXSIA was provided by R. A. Keith and R. A. Lampe. 

Voltage—activation relationships for all constructs were obtained by mea- 
suring tail currents after a series of membrane depolarizations or by measuring 
steady-state currents and calculating conductance. Occupancy of closed or rest- 
ing channels by tarantula toxins was examined using negative holding voltages 
where open probability is very low, and the fraction of unbound channels (F,) 
was estimated using depolarizations that are too weak to open toxin-bound 
channels, as described previously**'*”** (Supplementary Fig. 3). Example traces 
showing the inhibitory activity of tarantula toxins were taken for relatively weak 
depolarizations for that particular channel construct. The apparent equilibrium 
dissociation constant (Ky) was calculated assuming four independent toxin- 
binding sites per channel, with single occupancy being sufficient to inhibit open- 
ing in response to weak depolarizations: 


Ka = ((U/(.-F,"“)) -1)[Toxin] 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 31 July; accepted 17 September 2007. 


1. Jiang, Y. et al. X-ray structure of a voltage-dependent K* channel. Nature 423, 
33-41 (2003). 

2: ubo, Y., Baldwin, T. J., Jan, Y. N. & Jan, L. Y. Primary structure and functional 

expression of a mouse inward rectifier potassium channel. Nature 362, 127-133 

(1993). 

3. Li-Smerin, Y. & Swartz, K. J. Gating modifier toxins reveal a conserved structural 

motif in voltage-gated Ca** and K* channels. Proc. Natl Acad. Sci. USA 95, 

8585-8589 (1998). 

4. Lu, Z., Klem, A. M. & Ramu, Y. lon conduction pore is conserved among potassium 

channels. Nature 413, 809-813 (2001). 

5. Murata, Y., lwasaki, H., Sasaki, M., Inaba, K. & Okamura, Y. Phosphoinositide 

phosphatase activity coupled to an intrinsic voltage sensor. Nature 435, 

239-1243 (2005). 

6. Long, S. B., Campbell, E. B. & Mackinnon, R. Voltage sensor of Kv1.2: structural 

basis of electromechanical coupling. Science 309, 903-908 (2005). 

7. Long, S. B., Campbell, E. B. & Mackinnon, R. Crystal structure of a mammalian 

voltage-dependent Shaker family K* channel. Science 309, 897-903 (2005). 

8. Lee, S. Y., Lee, A., Chen, J. & Mackinnon, R. Structure of the KvAP voltage- 

dependent K* channel and its dependence on the lipid membrane. Proc. Nat! Acad. 
Sci. USA 102, 15441-15446 (2005). 

9. Jiang, Y., Ruta, V., Chen, J., Lee, A. & MacKinnon, R. The principle of gating charge 
movement in a voltage-dependent K* channel. Nature 423, 42-48 (2003). 

0. Tombola, F., Pathak, M. M. & Isacoff, E. Y. How far will you go to sense voltage? 
Neuron 48, 719-725 (2005). 

1. Ahern, C. A. & Horn, R. Stirring up controversy with a voltage sensor paddle. 
Trends Neurosci. 27, 303-307 (2004). 

2. Swartz, K. J. Towards a structural view of gating in potassium channels. Nature 
Rev. Neurosci. 5, 905-916 (2004). 

3. Ruta, V., Chen, J. & MacKinnon, R. Calibrated measurement of gating-charge 
arginine displacement in the KvAP voltage-dependent K* channel. Cell 123, 
463-475 (2005). 

4. Lee,S.Y.& MacKinnon, R. Amembrane-access mechanism of ion channel inhibition 
by voltage sensor toxins from spider venom. Nature 430, 232-235 (2004). 

5. Schmidt, D., Jiang, Q. X. & MacKinnon, R. Phospholipids and the origin of cationic 
gating charges in voltage sensors. Nature 444, 775-779 (2006). 

6. Cuello, L. G., Cortes, D. M. & Perozo, E. Molecular architecture of the KvAP 
voltage-dependent K* channel in a lipid bilayer. Science 306, 491-495 (2004). 

7. Ahern, C. A. & Horn, R. Specificity of charge-carrying residues in the voltage 
sensor of potassium channels. J. Gen. Physiol. 123, 205-216 (2004). 

8. Campos, F. V., Chanda, B., Roux, B. & Bezanilla, F. Two atomic constraints 
unambiguously position the S4 segment relative to S1and S2 segments in the closed 
state of Shaker K channel. Proc. Nat! Acad. Sci. USA 104, 7904-7909 (2007). 

9. Grabe, M., Lai, H. C., Jain, M., Nung Jan, Y. & Yeh Jan, L. Structure prediction for 
the down state of a potassium channel voltage sensor. Nature 445, 550-553 
(2007). 


ARTICLES 


20. Tombola, F., Pathak, M. M., Gorostiza, P. & Isacoff, E. Y. The twisted ion-permeation 
pathway of a resting voltage-sensing domain. Nature 445, 546-549 (2007). 

21. Chanda, B., Asamoah, O. K., Blunck, R., Roux, B. & Bezanilla, F. Gating charge 
displacement in voltage-gated ion channels involves limited transmembrane 
movement. Nature 436, 852-856 (2005). 

22. Sasaki, M., Takagi, M. & Okamura, Y. A voltage sensor-domain protein is a 
voltage-gated proton channel. Science 312, 589-592 (2006). 

23. Ramsey, |. S., Moran, M. M., Chong, J. A. & Clapham, D. E. A voltage-gated proton- 
selective channel lacking the pore domain. Nature 440, 1213-1216 (2006). 

24. Ruta, V., Jiang, Y., Lee, A., Chen, J. & MacKinnon, R. Functional analysis of an 
archaebacterial voltage-dependent K* channel. Nature 422, 180-185 (2003). 

25. Frech, G. C., VanDongen, A. M., Schuster, G., Brown, A. M. & Joho, R. H. A novel 
potassium channel with delayed rectifier properties isolated from rat brain by 
expression cloning. Nature 340, 642-645 (1989). 

26. Lu, Z., Klem, A. M. & Ramu, Y. Coupling between voltage sensors and activation 
gate in voltage-gated K* channels. J. Gen. Physiol. 120, 663-676 (2002). 

27. Aggarwal, S. K. & MacKinnon, R. Contribution of the S4 segment to gating charge 
in the Shaker K* channel. Neuron 16, 1169-1177 (1996). 

28. Seoh, S.A., Sigg, D., Papazian, D. M. & Bezanilla, F. Voltage-sensing residues in the 
S2 and S4 segments of the Shaker K* channel. Neuron 16, 1159-1167 (1996). 

29. Tempel, B. L., Papazian, D. M., Schwarz, T.L., Jan, Y. N. & Jan, L. Y. Sequence of a 
probable potassium channel component encoded at Shaker locus of Drosophila. 
Science 237, 770-775 (1987). 

30. Soler-Llavina, G. J., Chang, T. H. & Swartz, K. J. Functional interactions at the 
interface between voltage-sensing and pore domains in the Shaker K(v) channel. 
Neuron 52, 623-634 (2006). 

31. Swartz, K. J. & MacKinnon, R. Hanatoxin modifies the gating of a voltage- 
dependent K* channel through multiple binding sites. Neuron 18, 665-673 (1997). 

32. Swartz, K. J. & MacKinnon, R. Mapping the receptor site for hanatoxin, a gating 
modifier of voltage-dependent K* channels. Neuron 18, 675-682 (1997). 

33. Li-Smerin, Y. & Swartz, K. J. Localization and molecular determinants of the 
hanatoxin receptors on the voltage-sensing domain of a K* channel. J. Gen. 
Physiol. 115, 673-684 (2000). 

34. Li-Smerin, Y. & Swartz, K. J. Helical structure of the COOH terminus of $3 and its 
contribution to the gating modifier toxin receptor in voltage-gated ion channels. 
J. Gen. Physiol. 117, 205-218 (2001). 

35. Lee, H. C., Wang, J. M. & Swartz, K. J. Interaction between extracellular hanatoxin 
and the resting conformation of the voltage-sensor paddle in Kv channels. Neuron 
40, 527-536 (2003). 

36. Phillips, L. R. et al. Voltage-sensor activation with a tarantula toxin as cargo. Nature 
436, 857-860 (2005). 

37. Swartz, K. J. Tarantula toxins interacting with voltage sensors in potassium 
channels. Toxicon 49, 213-230 (2007). 

38. Ruta, V. & MacKinnon, R. Localization of the voltage-sensor toxin receptor on 
KvAP. Biochemistry 43, 10071-10079 (2004). 

39. Jung, H. J. et al. Solution structure and lipid membrane partitioning of VSTx1, an 
inhibitor of the KvAP potassium channel. Biochemistry 44, 6015-6023 (2005). 

40. Milescu, M. et al. Tarantula toxins interact with voltage sensors within lipid 

membranes. J. Gen. Physiol. 130, 497-511 (2007). 

41. Lee, A. G. Lipid-protein interactions in biological membranes: a structural 

perspective. Biochim. Biophys. Acta 1612, 1-40 (2003). 

42. Lampe, R. A. et al. Isolation and pharmacological characterization of omega- 

grammotoxin SIA, a novel peptide inhibitor of neuronal voltage-sensitive calcium 

channel responses. Mol. Pharmacol. 44, 451-460 (1993). 

43. Lee, C. W. et al. Solution structure and functional characterization of SGTx1, a 

modifier of Kv2.1 channel gating. Biochemistry 43, 890-897 (2004). 

44. Herrington, J. et al. Blockers of the delayed-rectifier potassium current in 

pancreatic B-cells enhance glucose-dependent insulin secretion. Diabetes 55, 

1034-1042 (2006). 

45. Papazian, D. M. et al. Electrostatic interactions of $4 voltage sensor in Shaker K* 

channel. Neuron 14, 1293-1301 (1995). 

46. Long, S.B., Tao, X., Campbell, E. B. & MacKinnon, R. Atomic structure of a voltage- 

dependent K* channel ina lipid membrane-like environment. Nature doi:10.1038/ 

nature06265 (this issue). 

47. Siemens, J. et al. Spider toxins activate the capsaicin receptor to produce 

inflammatory pain. Nature 444, 208-212 (2006). 

48. Swartz, K.J.& MacKinnon, R. An inhibitor of the Kv2.1 potassium channel isolated 
from the venom of a Chilean tarantula. Neuron 15, 941-949 (1995). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank F. Fontaine, M. Mayer, J. Mindell, S. Ramsey, 

S. Silberberg and members of the Swartz laboratory for discussions, and the NINDS 
DNA sequencing facility for DNA sequencing. We thank T. Kitaguchi for cloning 
KvAP and Y. Okamura for providing Ci-VSP complementary DNA. This work was 
supported by the Intramural Research Program of the NINDS, NIH. A.A.A. was 
partially supported by the NIH Undergraduate Scholarship Program. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to K.J.S. (swartzk@ninds.nih.gov). 


375 


©2007 Nature Publishing Group 


doi:10.1038/nature06266 


METHODS 

Channel and chimaera constructs. Chimaeras and point mutations were gen- 
erated using sequential polymerase chain reaction (PCR) with KvAP™, Ci-VSP’, 
Hv1 (ref. 23), Kv2.1A7 (refs 3 and 25) or Shaker H4 (ref. 29) as templates. The 
Kv2.1A7 construct contains seven point mutations in the outer vestibule’, ren- 
dering the channel sensitive to agitoxin-2, a pore-blocking toxin from scorpion 
venom”, and the Shaker construct contains a deletion of residues 6 to 46 to 
remove fast inactivation”. KvAP was amplified from A. pernix genomic DNA 
(ATCC Inc.) and human Hv1 was amplified from clone NIH-MGC-92 (ID 
5577070, Invitrogen). The DNA sequence of all constructs was confirmed by 
automated DNA sequencing, and cRNA was synthesized using T7 polymerase 
after linearizing DNA with appropriate restriction enzymes. 

Two-electrode voltage-clamp recording from Xenopus oocytes. Channel con- 
structs were expressed in Xenopus oocytes* and studied using two-electrode 
voltage-clamp recording techniques (OC-725C, Warner Instruments) with a 
200-pl recording chamber. Data were filtered at 2 kHz and digitized at 10 kHz. 
Microelectrode resistances were 0.1—1 MQ when filled with 3 M KCL. All experi- 
ments were performed at room temperature (~22 °C). One technical difficulty 
in studying the toxin sensitivity of chimaeras containing the entire KvAP paddle 
in Kv2.1 (C7[S3-S4]AP) is that these constructs display pronounced sensitivity 
to silver released from bath ground wires, resulting in pronounced inhibition 
when the flow of solution around the oocyte is stopped (for conserving the 
quantities of toxins used in experiments). We therefore limited our study of 
toxin—-channel interactions to the chimaera containing the KvAP paddle in 
Shaker (C*[S3-S4)]AP), or chimaeras containing parts of the KvAP paddle in 
Kv2.1, constructs for which this technical problem is not pronounced. Leak and 
background conductances, identified by blocking the channel with agitoxin-2 
(ref. 49), have been subtracted for all of the Kv channel currents shown”. 
Patch recording from HEK cells. Macroscopic proton currents were recorded in 
whole-cell mode using a patch-clamp amplifier (Axopatch 200B). Data were 
filtered at 1 kHz or 2 kHz (8-pole Bessel filter) and digitized at 20 kHz. Patch 
pipette resistance when filled with the recording solution was 1-2 MQ. When 
activating the Hv1 channel with voltage steps that are long enough to reach 
steady state (~2-3s), the resulting proton currents were somewhat unstable 
when examined with repeated pulses to the same voltage, a phenomenon that 
we attribute to proton depletion near the membrane. To circumvent this prob- 
lem we limited the pulse duration to 1.5s and pulse frequency to 0.05 Hz, and 
studied cells with moderate expression levels—manipulations that result in rela- 
tively stable and reproducible proton currents. All experiments were performed 
at room temperature (~22 °C). 


nature 


Analysis of channel activity and toxin-channel interactions. Voltage— 
activation relationships were obtained by measuring tail currents or steady-state 
currents (and calculating conductance), and a single Boltzmann function was 
fitted to the data according to: 


Hiatt enV —Vij2)/RT)—1 


where I/Imax is the normalized tail-current amplitude, z is the equivalent charge, 
V1 /2 is the half-activation voltage, F is Faraday’s constant, R is the gas constant 
and T is temperature in Kelvin. 

Occupancy of closed or resting channels by tarantula toxins was examined 
using negative holding voltages where open probability was very low, and the 
fraction of unbound channels (F,,) was estimated using depolarizations that are 
too weak to open toxin-bound channels, as described previously*?*~*”* (Sup- 
plementary Fig. 3). Because toxin-bound channels close or deactivate more 
rapidly than unbound channels, we examined the kinetics of deactivation using 
tail currents to confirm that toxin-bound channels did not contribute to the 
currents measured with weak depolarizations. After addition of the toxin to the 
recording chamber, the equilibration between the toxin and the channel was 
monitored using weak depolarizations elicited at 4—20-s intervals. For all chan- 
nels, we recorded voltage—activation relationships (typically from tail currents) 
in the absence and presence of different concentrations of toxin. The ratio of 
currents (I/Ip) recorded in the presence (J) and absence (Jp) of toxin was calcu- 
lated for various strength depolarizations, typically -70 mV to +90mV. The 
value of I/Jp measured in the plateau phase at voltages where toxin-bound chan- 
nels do not open**'*”*’ was taken as F, (see Supplementary Fig. 3 for an 
example). The apparent equilibrium dissociation constant (Ky) was calculated 
assuming four independent toxin-binding sites per channel, with single occu- 
pancy being sufficient to inhibit opening in response to weak depolarizations. 


Ka = ((/( — F,"4)) — 1)[Toxin 


For all chimaeras and mutants, voltage protocols were adjusted appropriately 
so that the plateau phase in the I/Ip—voltage relationship was well defined (see 
Supplementary Fig. 3). Example traces showing the inhibitory activity of taran- 
tula toxins were taken for relatively weak depolarizations within the plateau 
phase for that particular channel construct. 


49. Garcia, M. L., Garcia-Calvo, M., Hidalgo, P., Lee, A. & MacKinnon, R. Purification 
and characterization of three inhibitors of voltage-dependent K* channels from 
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Atomic structure of a voltage-dependent K* 
channel in a lipid membrane-like environment 


Stephen B. Long't, Xiao Tao’, Ernest B. Campbell’ & Roderick MacKinnon‘ 


Voltage-dependent K* (Kv) channels repolarize the action potential in neurons and muscle. This type of channel is gated 
directly by membrane voltage through protein domains known as voltage sensors, which are molecular voltmeters that 
read the membrane voltage and regulate the pore. Here we describe the structure of a chimaeric voltage-dependent K* 
channel, which we call the ‘paddle-chimaera channel’, in which the voltage-sensor paddle has been transferred from Kv2.1 to 
Kv1.2. Crystallized in complex with lipids, the complete structure at 2.4 angstrém resolution reveals the pore and voltage 
sensors embedded in a membrane-like arrangement of lipid molecules. The detailed structure, which can be compared 
directly to a large body of functional data, explains charge stabilization within the membrane and suggests a mechanism for 


voltage-sensor movements and pore gating. 


Whether found on voltage-dependent ion channels’, voltage- 
dependent proton channels~’ or voltage-regulated enzymes*, amino 
acid sequence conservation indicates that the basic structural unit of 
the voltage sensor is conserved. The voltage sensor is a membrane- 
protein domain with charged amino acids embedded within the 
membrane electric field. It undergoes conformational change asso- 
ciated with displacement of charged amino acids, detectable through 
electrical measurements as gating charge’. The voltage sensor is 
therefore an electromechanical coupling device in which the mem- 
brane voltage biases the conformation of the domain, which in turn is 
coupled to the pore of an ion channel or to the active site of an 
enzyme. 

X-ray crystallographic studies of Kv channels have described the 
voltage-sensor architecture, but many fundamental questions remain 
unanswered®*. These questions concern the distance over which the 
gating charges move, and the physical and chemical principles by 
which the charges are stabilized within the membrane. Ultimately, 
these questions must be addressed using atomic structures in a mem- 
brane setting. To this end, our laboratory has explored three-dimen- 
sional protein crystals containing lipid—detergent mixtures to achieve 
membrane-protein structures in a membrane-like environment. 


Structure of the paddle-chimaera channel 


We have determined the structure of a modified rat Kv1.2 K* chan- 
nel in which the voltage-sensor paddle, a helix—turn—helix structural 
motif comprising the S3b and S4 helices, has been replaced by the 
voltage-sensor paddle from the rat Kv2.1 K* channel (Fig. 1a)”. 
Construction of the paddle-chimaera channel was based on the 
demonstration that the voltage-sensor paddle is transferable among 
voltage sensors of different origin'!. The crystals, grown in a mixture 
of detergents and phospholipids, are unrelated to the Kv1.2 crystal 
and are formed with unique protein-protein contacts’. Diffraction 
data were collected to 2.4 angstrém (A), and phases were determined 
by molecular replacement using the Kv1.2 crystal structure as a 
search model. Electron density corresponding to the voltage-sensor 
paddle is shown (Fig. 1b). The maps were of high quality throughout, 
except for a segment connecting the cytoplasmic T1 domain to the 
first transmembrane region. This segment, built as a polyglycine helix 


in the Kv1.2 structure, is probably extended over part of its length 
(Supplementary Fig. 1). The final model, refined to an Rgree of 0.24, 
includes all amino acids within the transmembrane region, 16 total or 
partial lipid molecules per subunit, an NADP* cofactor and 193 
water molecules (molecule 1, Methods). 

An a-carbon trace of the transmembrane region is shown, with the 
voltage-sensor paddles coloured red and a segment of the S1-S2 
connection coloured pale blue (Fig. 1c). The voltage-sensor paddle 
is tilted away from the central axis of the voltage sensor, towards 
the lipid membrane, such that it makes minimal contact with the 
remainder of the channel. One entire face of the voltage-sensor pad- 
dle is exposed to the lipid membrane. The region of minimal contact 
corresponds to the largest transferable segment of the paddle defined 
in ref. 11. The S1-S2 loop segment (pale blue) contains a short « 
helix that rests between two halves of the voltage sensor (that is, the 
voltage-sensor paddle defining one half and the S1 and S82 helices 
defining the other half). The paddle-chimaera channel produces 
voltage-dependent K* currents in lipid membranes that are very 
similar to those in the Kv1.2 channel (Fig. 1d, chimaera). Removal 
of the pale blue segment within the $1-S2 loop (Fig. 1c) has little 
effect on voltage-dependent opening (Fig. 1d, AS1—S2 loop). 


Conservation of structure in K* channels 


The Shaker K* channel and other closely related eukaryotic Kv chan- 
nels have been the subjects of K* conduction and selectivity studies, 
whereas the Streptomyces lividans K* channel (KcsA) has provided 
the most detailed structural description of a K* channel!?. 
Eukaryotic Shaker-like Kv channels and KcsA have almost identical 
K* selectivity filters (Fig. 2a). The root mean square deviation for all 
atoms in the filter (sequence TVGYG) is 0.25 A. This extent of devi- 
ation probably corresponds to the limit of accuracy with which the 
crystallographic data define the atomic positions at 2.4A resolu- 
tion'’. At 2.4A, the paddle-chimaera channel shows that the selec- 
tivity filter of Kv channels is structurally identical to inward rectifier 
K* channels and KcsA (conductive conformation) to within a few 
tenths of an angstrém'>”®. 

Figure 2b shows a superposition of transmembrane regions for the 
paddle chimaera and Kv1.2. The voltage-sensor paddles of Kv1.2 and 
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the paddle chimaera differ by 27 amino acids over the 32 amino acids 
substituted (Fig. 1a), but nevertheless their overall conformations are 
the same. In particular, the tilted position of the voltage-sensor pad- 
dle away from the central axis of the voltage sensor is very similar in 
the two structures. These two channels form different crystal lattices 
with unique protein contacts. Because the voltage sensor adopts the 


$1-S2 loop 


E154 


chimaera: FQRQVWLL! 'PESSGPARIIAIVSVMVILISIVSFC. 
Kv2.1 : KRKKLWD: ISSVAAKILAIISIMFIVLSTIALS: 


Kv1.2 : FORQVWLL! 'PESSGPARIIAIVSVMVILISIVSFC: 


Shaker : KQRKVWLLI PESSQAARVVAIISVFVILLSIVIFC: 273 
KvAP {enna ‘VRNIGDVMEHPLVELGVSYAALLSVI 55 
$2 $2-S3 S3a S3b 

en F233 E236 R240 D259 
chimaera: SFTDPFFI ‘LCI IWES: ‘FACPSKAGFFINIMNIIBIVAIIPYYVTIFLTESNKS-- 278 


Kv2.1 : --NPQ) \VCIAI \SSPKKWKFFKGPLNAIBLLAILPYYVTIFLTESNKS. 


“PED :280 


Kv1.2 : SFTDPFFI ‘LCIT "ACPSKAGFFTNIMNIIBIVAIIPYFITLGTELAEK--~~ 
Shaker : DITDPFFLI§TLCIIT ‘PNKLNFCRDVMNVI®IIAIIPYFITLATVVAEEEDTLNLPKAPVS :346 
KvAP os ‘YL ILVIT \YKS --GDPAGYVKKTLY§I PALVPAGLLALIEGHLAGLG--------- 2114 


S$4-S5 S5 (outer helix) 


rcktrBeuieue moe 


chimaera r ISKGLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAE :346 
Kv2.1 L-| ISTGLOSLGFTLRRSYNELGLLILFLAMGIMIFSSLVFFAE :349 
Kv1.2 ISKGLQILGQTLKASMRELGLLIFFLFIGVILFSSAVYFAE :350 
Shaker : IF ISKGLQILGRTLKASMRELGLLIFFLFIGVVLFSSAVYFAE :418 
KvAP SILLII SKFLSAIADAADK--IRFYHLFGAVMLTVLYGAFALYIVE :172 
KesA 3 -WRAAGAATVLLVIVLLAGSYLAVLAE : 51 
pore helix S6 (inner helix) 
——_VWvvvv 


chimaera: ADERDSQFPSIPDAFWWAVVSMTTVGYGDMVPTTIGGKIVGSLCAIAGVLTIALPVPVIVSNENYFYHRET :417 
Kv2.1 : KDEDDTKFKSIPASFWWATITMTTVGYGDIYPKTLLGKIVGGLCCIAGVLVIALPIPIIVNNFSEFYKEQK :420 
Kv1.2 : ADERDSQFPSIPDAFWWAVVSMTTVGYGDMVPTTIGGKIVGSLCAIAGVLTIALPVPVIVSNENYFYHRET :421 
Shaker : AGSENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGVWGKIVGSLCAIAGVLTIALPVPVIVSNENYFYHRET :489 
KvAP : YPDPNSSIKSVFDALWWAVVTATTVGYGDVVPATPIGKVIGIAVMLTGISALTLLIGTVSNMFQKILVGEP :243 
KesA : RGAPGAQLITY PRALWWSVETATTVGYGDLY PVILWGRCVAVVVMVAGITSFGLVTAALATWEVGREQERR :122 
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same conformation in the settings of different crystal contacts, it is 
unlikely that these contacts dictate the conformation of the voltage 
sensor. 

Figure 2c shows a superposition of the voltage sensor from the 
paddle-chimaera channel and the isolated voltage sensor of KvAP, a 
prokaryotic Kv channel®. For visual clarity, the S1-S2 loop of the 
paddle chimaera is not shown. The structures have been aligned to 
minimize the deviation between the S1 and S2 helices of the two 
channels. Specific positively and negatively charged amino acids 
almost superimpose, indicating that these voltage sensors are closely 
related members of the voltage-sensor structural family. However, 
there are informative structural differences between them. The sharp 
kink at a proline residue, which demarcates S3a and S3b in the 
paddle-chimaera channel, is replaced by a complete break and partial 
unwinding of the S3 helix in KvAP. The S2-S3 turn, also known as the 
membrane interface anchor®*, is lifted ‘higher’ in KvAP, and the 
voltage-sensor paddles have different degrees of rotation. The paddle 
units themselves, however, can be superimposed as shown (Fig. 2d). 
The structural similarities between the paddle-chimaera and KvAP 
voltage sensors—in particular the good superposition of charged 
amino acids—imply that the voltage sensors are in related conforma- 
tional states. The structural differences are compatible with the idea 
that the voltage-sensor paddle is mobile with respect to the S1 and S2 
helices*?7"*, 


Lipid interactions 

Biochemical purification and crystallization of the Kv1.2 K* channel 
required a mixture of phospholipids and detergents’. The paddle- 
chimaera structure provides an explanation for the lipid require- 
ment. Multiple complete and/or partial lipid molecules surround 
the channel in the crystal lattice (Fig. 3a, b and Supplementary 
Fig. 2). The extended alkyl chains of partial lipid molecules are distin- 
guishable from detergent molecules because none of the detergents 
used in the preparation contained extended alkyl chains. Several 
aspects of the lipid molecules in the crystal are worth comment. 
First, there is a bilayer-like arrangement near the protein surface, 
with the outer leaflet particularly well formed (Fig. 3a). This obser- 
vation suggests that the mixed micelle is a better membrane mimic 
than a pure detergent micelle. Second, lipid molecules are most dense 
in the concave hemi-circles between the voltage sensors (Fig. 3b). The 
hemi-circles reflect the very complex shape of a Kv channel, in 
which voltage-sensor domains protrude like appendages mostly sur- 
rounded by lipid membrane. By filling in space, the lipid molecules 
are an integral part of this membrane-protein structure and probably 
confer stability to it. Third, the lipid head groups reside at different 
‘membrane depths’ with respect to the channel (Fig. 3a). This may, in 
part, reflect the fact that the bilayer-like micelle is not a true mem- 
brane. However, it may also reflect the fact that a membrane protein 
can perturb the positions of nearby lipid molecules away from the 


Figure 1| Paddle-chimaera channel. a, Sequence alignment of the paddle- 
chimaera channel, rat Kv2.1 (GI, 24418849), rat Kv1.2 (GI, 1235594), Shaker 
Kv (GI, 13432103), KvAP (GI, 5104624) and KcsA (GI, 61226909) 
transmembrane regions. Secondary structure elements are indicated above 
the sequences: pale blue, the region removed in the AS1—S2 loop construct; 
red, the S3b—S4 region of Kv2.1 inserted into the Kv1.2 channel (dark blue). 
Residues discussed in the text are highlighted red (negatively charged), blue 
(positively charged) and green (phenylalanine 233). b, Stereo representation 
of electron density (wire mesh) for the S3—-S4 region (2F,—F,, calculated from 
50-2.4 A using phases from the final model and contoured at 1.2c). The 
structure of the protein (sticks) and two water molecules (red spheres, 
adjacent to R2 and ‘behind’ R4) are shown. c, Overall structure of the 
transmembrane region («-carbon trace in stereo, coloured as in 

a). d, Channel activation. Currents are shown of wild-type Kv1.2 (left), the 
paddle-chimaera channel (middle), and the paddle-chimaera channel 
AS1-S2 loop (right), without subtracting leak and capacitive currents. 
Voltage pulses, -110 mV to 110 mV; AV = 10 mV; holding potential, 

-110 mV, stepping back to -90 mV. 
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more even plane of molecules normally associated with a pure lipid 
bilayer. The unusually positioned lipid molecules make specific 
favourable interactions with the ion channel, and probably influence 
its structure and function'’. An example of a displaced phospholipid 
molecule is shown wedged between the voltage sensor and the S4—S5 
linker, a region of the channel that couples voltage-sensor motions to 
pore gating (Fig. 3c)'*?°?!, 


Figure 2 | Comparison of the paddle-chimeara channel with other K* 


channel structures. a, K* selectivity filter of the paddle-chimaera channel 
(Ky, left) compared with that of KcsA (PDB accession number, 1K4C, right). 
For clarity, two of the four subunits are shown (yellow sticks). Electron 
density (wire mesh, 2F,—F,, 2.50 contour), K* ions (green spheres) and 
water molecules (red spheres) are shown. b, Comparison with the Kv1.2 
structure (b, ¢ and d are shown in stereo). The «-carbon trace of Kv1.2 
(yellow, PDB accession number, 2A79) and paddle chimaera structures 
(cyan) are superimposed. c, Superposition of the paddle chimaera voltage 
sensor (grey o-carbon trace, with the $1-S2 connecting loop removed for 
visual clarity), and the isolated voltage sensor of KvAP® (brown «-carbon 
trace, PDB accession number, 1ORS). Positively and negatively charged 
amino acids are shown as sticks (KvAP, yellow; paddle chimaera, white). 
d, Superposition of the S3b—S4 voltage sensor paddles from KvAP and the 
chimaera channel (coloured as in ¢). 
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Detailed structure of the voltage sensor 

Figure 4a shows a voltage sensor and an S4—S5 linker helix (white 
a-carbon trace) relative to the pore (cyan a-carbon trace). The gate 
of the ion-conduction pore, which is formed by the crossing of four 
S6 inner helices (one from each subunit)”, adopts an open con- 
formation in the paddle-chimaera channel. The S4—S5 linker helix 
engages the S6 helix and is angled in a manner consistent with the 
channel’s open conformation, as was observed in the Kv1.2 struc- 
ture'®. The S1 helix makes specific contacts with the pore helix and 
the S5 helix (green side chains). Hanatoxin-interacting residues are 
located on the lipid-exposed face of the voltage-sensor paddle (red 
side chains)’. Figure 4b shows a voltage sensor and an S4—S5 linker 
helix viewed from the pore, with the yellow side chains from Fig. 4a 
and water molecules coloured according to atom type. The tilted 
position of the voltage-sensor paddle (S3b-S4) away from the S1 
and S2 helices creates an external aqueous cleft in the voltage 
sensor that penetrates approximately 10A below the level of the 
membrane surface. 

Negatively charged amino acids in the voltage sensor fall into two 
clusters: an external negative cluster consisting of glutamate 183 (S1 
helix) and glutamate 226 (S2 helix), and an internal negative cluster 
consisting of glutamate 154 (SO helix), glutamate 236 (S2 helix) and 
aspartate 259 (S3a helix) (Fig. 4b). These negative clusters are sepa- 
rated by approximately 15 A (distance between nearest charges: glu- 
tamate 226 and glutamate 236). The external negative cluster is 
located in the external aqueous cleft. The internal negative cluster, 
in particular amino acids glutamate 236 and aspartate 259, are part of 
a buried network of charged amino acids, not exposed to aqueous 
solution, located approximately 10A from the intracellular mem- 
brane surface. Phenylalanine 233, located near the midpoint of the 
membrane, separates the external and internal negative clusters 
(Fig. 4b, green). Among Kv channels, the amino acids forming the 
negative clusters are very conserved as glutamate or aspartate. 
Phenylalanine 233 is the single most conserved amino acid in Kv 


extracellular 
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Figure 3 | Lipids in the structure. a, Side view of the transmembrane region 
showing lipid molecules (CPK representation, coloured according to atom 
type: yellow, carbon; red, oxygen; magenta, phosphorous) and the channel 
(blue a-carbon trace). b, View from the extracellular side of the membrane 
with potassium shown as a green sphere. The lipid observed at the 
subunit—subunit interface in the structure of KcsA'* (PDB accession 
number, 1K4C) is also observed in the paddle-chimaera channel (prominent 
red headgroup, nearest the centre). c, Detailed interactions of a lipid (yellow 
and red sticks) bound between the voltage sensor and the S4—S5 linker helix, 
in stereo. Amino acids that interact with the lipid are shown as sticks and are 
coloured according to chemical nature (green, hydrophobic residues; white, 
hydrophilic residues with nitrogen (blue) and oxygen (red) atoms). 
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channels outside the selectivity filter (Fig. la). KvAP is a rare example 
in which leucine is present in place of phenylalanine. 

Positively charged amino acids on S4 are labelled in Fig. 4b accord- 
ing to an alignment with the Shaker K* channel (Fig. la). Kv2.1 has a 
glutamine residue (glutamine 290 in the paddle chimaera) corres- 
ponding to the first S4 arginine in Shaker (R1) and an additional 
preceding arginine labelled RO. Positively charged amino acids K5 
and R6 form ionized hydrogen bonds with the internal negative 
cluster, whereas R3 and R4 form ionized hydrogen bonds with the 
external negative cluster. RO, Rl and R2 are positioned to interact 
favourably with the lipid phosphodiester layer, a mixed lipid—water 
environment and the water environment of the external aqueous 
cleft, respectively. 

The side chains of RO, R1, R2, R3 and R4 are all effectively in or 
close to the extracellular solution, where we expect to find them in the 
open conformation of the voltage sensor. Four aspects of the voltage- 
sensor structure account for the extracellular disposition of these 
amino acids. First, the tilted paddle creates the external cleft into 
which the extracellular solution penetrates. Second, the side chains 
of R3 and R4 are drawn towards the surface by electrostatic attraction 
to the external negative cluster. Third, the $4 helix adopts a 3,)-helix 
hydrogen-bonding pattern ‘below’ position 296 (R3)**. The 349 helix 
is associated with a translation of 2.0 A per amino acid, in contrast to 
1.5A for an o helix’®. Consequently, over a 10-amino-acid segment 
(position 297 to 306) the $4 helix is 5 A longer than it would be if it 
were entirely o-helical. In effect, the ‘bottom’ of the S4 helix is 
stretched towards the extracellular side, allowing the voltage-sensor 
paddle to reside closer to the extracellular solution. Fourth, the short 
helix in the S2-S3 turn leading into S3a and the S4—S5 linker helix 
leading out of S4 are both angled in a manner to suggest that the 


Figure 4 | Details of the voltage sensor. a, Stereo representation of a 
voltage sensor and the S4—S5 linker helix (white «-carbon trace) in relation 
to the pore (cyan «-carbon trace). The view is from the side (extracellular 
solution ‘above’ and intracellular solution ‘below’). Select residues are 
shown as sticks and are coloured as indicated in the text. b, Voltage sensor 
and $4-S5 linker helix (white «-carbon trace) viewed from the pore. Yellow 
side chains from a and water molecules are now coloured according to atom 
type (yellow, carbon; blue, nitrogen; red, oxygen; green, phenylalanine 233; 
cyan, water). Ionized hydrogen bonds between basic and acidic residues are 
indicated by dashed yellow lines. 
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entire S3 plus S4 ‘half of the voltage sensor is displaced towards the 
extracellular solution relative to the S1 plus S2 ‘half (Fig. 4a, b). 


Inferring motion from functional data 


For the Shaker and Kv2.1 K* channels, opening is coupled to dis- 
placement of 3 or 4 charge units per voltage sensor (12 to 16 charges 
per channel) across the membrane-voltage difference”. The 
roughly equal total gating charge measured for Shaker and Kv2.1 
suggests that RO in Kv2.1 might compensate for the absence of a 
charge at R1 (Figs la and 4b)”. In Shaker, R1, R2, R3 and R4 each 
contribute approximately a single charge and K5 contributes 
approximately half a charge**”’. The crystal structure of the open 
conformation is consistent with these electrical measurements if all 
five positions reach an internal location in the closed conformation: 
the first four would thus move from outside to inside and the fifth 
would move from its midway point (about half way between the base 
of the external cleft and the internal solution) to inside (Fig. 4b). 
‘Outside’ and ‘inside’ in these measurements refer to regions of elec- 
trical isopotential with bulk solution, which are a function of the 
detailed geometry of the voltage sensor and the surrounding lipid 
molecules. 

Gating-associated-protein motions have been assessed using 
methanethiosulfonate (MTS) reactivity of site-directed cysteines in 
the Shaker K* channel ( Fig. 5a, b)*’. Red, yellow and blue spheres 
correspond to positions accessible from the outside, not accessible 
from either side, and accessible from the inside, respectively. In the 
open conformation (Fig. 5a), accessibility is compatible with the 
crystal structure: yellow spheres (inaccessible) are distributed across 
a buried 17A stretch extending from the base of the external cleft to 
the internal solution. This entire stretch becomes exposed to internal 
MTS reagents (blue spheres) in the closed conformation (Fig. 5b), 
implying that closure is associated with a large translation of $4 
towards the internal solution and/or a wide opening of the voltage 
sensor to the inside (enough to permit entry of MTS reagents all the 
way to R3). 

Histidine substitutions imply motion by their state-dependent 
ability to transfer protons across the voltage sensor (Fig. 5c)****. At 
R4, a histidine substitution causes a proton current through the 
voltage sensor in the open conformation. In the crystal structure 
(open conformation), the R4 o-carbon (magenta sphere) is at the 
level of phenylalanine 233 (green). A histidine side chain at this 
location is well positioned to flip above and below the phenylalanine 
side chain by rapid rotamer exchange, allowing protons to be trans- 
ferred from the base of the external cleft (outside) to protonatable 
side chains below. The charged network below the phenylalanine 
forms a continuous hydrogen-bonding network through which 
protons could diffuse all the way to the intracellular solution. 
Histidine substitution at R1 (red sphere) also creates a proton cur- 
rent, but only when the voltage sensor adopts its closed conforma- 
tion. A simple interpretation is that voltage-sensor closure moves 
the R1 «-carbon next to phenylalanine 233 (that is, to the position 
of the R4 a-carbon in the open conformation). Such a motion would 
correspond to an $4 translation of approximately 15 A. Histidine 
substitution at R2 and R3 (orange spheres) creates a proton shuttle 
that has maximum throughput at 50% open probability, implying 
that these positions are alternately exposed to one side or the other, 
depending on the conformation of the voltage sensor. This behaviour 
is expected if, indeed, R1 resides near phenylalanine 233 in the closed 
conformation. 

In KvAP, motions have been inferred by accessibility experiments 
in which biotin, tethered at specific positions, is captured by avidin in 
solution (Fig. 5d)**. The main difference between this type of acces- 
sibility and MTS accessibility is that avidin is too large to enter clefts 
in the voltage sensor, so reactivity requires the tethered biotin to 
reach the membrane surface. Red, yellow and blue spheres corre- 
spond to positions accessible from the outside, not accessible from 
either side, and accessible from the inside, respectively, in either the 
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opened or the closed conformation. Blue spheres on the S4 helix 
(near R4), which are near the extracellular surface in the open con- 
formation, must move to the level of the other blue spheres near the 
intracellular surface when the channel closes. This would necessitate 
a translation of at least 15 A. 

These different electrical and biochemical measurements inter- 
preted in light of the crystal structure are consistent, and point to 
an $4 displacement of about 15 A and a large reorganization of the 
voltage sensor associated with gating. 


Hypothesis for the voltage-sensing mechanism 


Electrophysiological measurements show that the paddle-chimaera 
channel is open at 0 mV (Fig. 1d). In the crystal, which is at 0 mV and 
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provides a membrane-like environment, the channel also adopts an 
open conformation. Closing the voltage sensor requires a strong 
electric field associated with a negative (intracellular) membrane 
voltage to force the positive gating charges inward. Electrical mea- 
surements indicate that the charges get most of the way across the 
voltage difference during this transition*”’. Until the structure of a 
closed conformation is solved, the details of how this occurs will 
remain unknown; however, the pictures in Fig. 6 illustrate one way 
in which this could happen. In the depiction, the voltage-sensor 
paddle moves relative to the S1 and S2 helices. This movement trans- 
lates the region of $4 centred on the gating charges ~ 15 A towards the 
intracellular side, approximately half the membrane hydrophobic 
core thickness of a pure phosphatidylcholine bilayer (30A)°*. 
Because of the shape of the voltage sensor and its effect on membrane 
thickness, 15 A would be sufficient to transfer the charges from the 
electrical outside to the electrical inside. 

This model is silent on many details, but further inspection of the 
crystal structure (Fig. 4b) stimulates several new ideas concerning 
voltage-sensor motion. First, the S2—-S3 turn looks as if it could reor- 
ganize its structure, enabling movements within the voltage sensor 
(Fig. 4a, b). This turn is conserved in length and in certain amino 
acids (Fig. 1a), but is one of the least-studied regions in Kv channels. 
Second, the contact between S1 and the pore (Fig. 4a, green) is well 
positioned to hold the S1-S2 half of the voltage sensor static relative 
to the pore. Without this contact, motions of the voltage-sensor 
paddle relative to S1 and S2 might not transmit force as effectively 
to the $4-S5 linker helix. Ultimately, sensor closure must push down 
on the $4—S5 linker helix to constrict the pore until it is closed, as 
depicted (Fig. 6)'*. Third, the 3; -helical intracellular half of $4, in 
addition to allowing the voltage-sensor paddle to reside closer to the 
extracellular solution in the open state (by ‘stretching’ S4), also 
directs arginine and lysine side chains that occur at every third posi- 
tion to the same helical face”. In the crystal structure, in which the 
channel is open, the 349 helix directs R4, K5 and R6 away from the 
membrane and into the sensor (Fig. 4b). It is possible that during 
closure, as the paddle moves inward, the zone of 3;9-helical second- 
ary structure shifts as a moving segment along S4 in a wave-like 
fashion. Such a ‘concertina effect’ would turn arginine residues away 
from the lipid membrane and towards the inside of the voltage sensor 
as they cross the centre of the hydrophobic core without necessitating 
rigid body rotation of the S4 helix. 

The crystal structure also provides new ideas concerning charge 
stabilization during gating. Two negatively charged clusters near the 
external and internal aspects of the voltage sensor capture and sta- 
bilize gating charges on either side (Fig. 4b). But how are charges 
stabilized while crossing between these clusters? Perhaps the most 
intriguing aspect of the voltage sensor is a complete absence of charge 
near the membrane centre for a hydrophobic zone of roughly 10 A 
between the negative clusters (Fig. 4b). This zone contains a phenyl- 
alanine residue (position 233 in the paddle-chimaera channel) in 355 


Figure 5 | Mapping of biochemical data on the voltage sensor. In a—c, the 
voltage sensor and S4—S5 linker helix (white «-carbon trace) are viewed from 
the pore (extracellular solution ‘above’ and intracellular solution ‘below), in 
stereo. Phenylalanine 233 (F) is coloured green. Basic and acidic residues 
(sticks) are coloured according to atom type: white, carbon; red, oxygen; 
blue, nitrogen. a, b, MTS reactivity of site-directed cysteine residues 
introduced into Shaker on the S4 helix*! mapped on the crystal structure. 
a, MTS accessibility in the open (depolarized) state. b, MTS accessibility in 
the closed (polarized) state. c, Histidine substitutions at four positions on 
the S4 helix*”** mapped on the structure (coloured spheres as described in 
the text). d, Biotin—avidin accessibility data mapped on the structure of 
the isolated voltage sensor of KvAP (PDB accession number, 1ORS)**. The 
view of voltage sensor (S1—S4, white «-carbon trace) is the same as that 
for the paddle chimaera in a—c (superposition as in Fig. 2c). KvAP has a 
leucine (L, green side chain) at the position corresponding to 
phenylalanine 233 in the chimaera paddle. Coloured spheres indicate 
positions described in the text. 
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out of 360 Kv channels, and therefore we call it the ‘phenylalanine 
gap’ separating the external and internal negative clusters. Other than 
weak stabilization that might occur transiently through cation-1 
interactions with the phenylalanine’*’, the phenylalanine gap seems 
energetically unfavourable for a positive charge. The arginine side 
chains must apparently flip between charge clusters on their way 
across the membrane. We speculate that the absence of polar groups 
in the central zone might prevent proton transfer across the mem- 
brane, which would lead to cell acidification, and it might also create 
an energy barrier for the arginines, which would favour a switch-like 
transition between closed and opened conformations. 


Discussion 

The KvAP crystal structures and functional studies led to the hypo- 
thesis of a voltage-sensor paddle—a helix—turn—helix unit that moves 
at the protein—lipid interface®'’. It was proposed that acidic amino 
acids would help to stabilize positive charges on the paddle as it 


b hypothetical closed 


Figure 6 | Hypothetical mechanism of voltage-dependent gating. 

a, Representation of the voltage sensor and S4—S5 linker helix from the 
crystal structure (open conformation). Helices are drawn as ribbons. The 
view is from the pore, as in Fig. 5, with the extracellular solution ‘above’ and 
the intracellular solution ‘below’. The gating charges (R1 to K5) are shown as 
blue sticks. Negatively charged residues in the external and internal clusters 
are red; the phenylalanine in the middle is green. The positively charged 
residues reach ‘outward’ towards the extracellular solution. b, Depiction of a 
hypothetical closed conformation of the voltage sensor. The S1 and $2 
helices are hypothesized to maintain their position, whereas the S3-S4 
paddle has moved inward. The positive charges on S4 now reach towards the 
intracellular solution, and are stabilized through interactions with the 
internal negative cluster. The «-carbon position of R1 is adjacent to the 
phenylalanine, representing a displacement perpendicular to the plane of 
the membrane of approximately 15 A relative to its location in the open 
structure (a). The inward displacement of the S4 helix pushes down on the 
N-terminal end of the $4—S5 linker helix, causing it to tilt towards the 
intracellular side and to close the pore. ¢, Depiction of the open 
conformation of the $4—S5 linker helices and pore from the crystal structure. 
The S4-S5 linker helices (orange) rest on the S6 helices (blue ribbons) near 
the intracellular side. d, A hypothetical model of the S4—S5 linker helices and 
pore in a closed conformation based on the crystal structure of a closed 
potassium channel pore (KcsA, PDB accession number, 1K4C)"*. 
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moves within the membrane to control pore gating'’. The Kv1.2 
crystal structure demonstrated the lipid-surrounded, independent 
domain property of the voltage sensor, partial shielding of charges 
from the membrane, and the mechanical connection by which con- 
formational changes in the sensor are transmitted to the pore 
through the $4—S5 linker helix”'’. Here, at high resolution and in a 
membrane-like environment, the paddle-chimaera channel reveals 
atomic interactions: arginine exposure to the membrane at the phos- 
phodiester layer, charge stabilization by external and internal nega- 
tive clusters inside the sensor, a phenylalanine gap across which the 
arginine residues must transit, and the possibility of a concertina 
effect in which an o&- to 3j9-helical secondary structure transition 
could turn arginine residues away from the lipid membrane as paddle 
displacement moves them across the hydrophobic core. 


METHODS SUMMARY 


The paddle-chimaera channel with a His,, tag at the amino terminus was co- 
expressed with the rat 82.1 subunit in Pichia pastoris and purified using metal 
affinity chromatography and gel filtration. Protein crystals were grown from 
hanging drops at pH 8.5, and contain the detergents 6-cyclohexyl-1-hexyl-f-p- 
maltoside (Cymal-6), 7-cyclohexyl-1-heptyl-f-p-maltoside (Cymal-7) and 
CHAPS and the lipids POPC (1-palmitoy]-2-oleoyl-sn-glycero-3-phosphocholine), 
POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) and POPG 
(palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]). X-ray data (50- 
2.4A, space group P422) were collected at beamline X29 (Brookhaven National 
Synchrotron Light Source (NSLS)). The structure was determined by molecular 
replacement using the structure of Kv1.2 in complex with its § subunit as a search 
model (PDB accession number, 2A79). There are two channel subunits and two B 
subunits in the asymmetric unit, giving rise to two tetrameric assemblies (identified 
as molecule 1 and molecule 2 in the text). The model was built using O°’ and was 
refined with CNS* to an Rgee of 24.4%. Crystallographic data and refinement 
statistics are shown in the Supplementary Information. 

The purified channels were reconstituted into POPE:POPG lipid vesicles by 
dialysis. Planar lipid bilayer experiments were performed as described pre- 
viously***°. Electrical measurements were carried out using the voltage-clamp 
method in whole-cell mode. Charybdotoxin (CTX) (1 LM, ref. 41) was used to 
block channels in one orientation while channels in the other orientation were 
being recorded. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cloning, expression and purification. A gene encoding the paddle-chimaera 
channel was constructed using standard DNA techniques as follows. The full- 
length rat Kv1.2 gene’? (GI, 1235594) with an N-terminal His, tag and a 
thrombin protease cleavage site (MAH;)GLVPRGSMT(X,,)stop) was ligated 
into the multiple cloning site of the pPICZ-C vector (Invitrogen Life 
Technologies). Five amino acid substitutions were made to remove a glycosyla- 
tion site and to reduce sensitivity to oxidation (N207Q, C31S, C32S, C4348 and 
C482S). The region of the Kv1.2 gene encoding the S3b—S4 paddle was replaced 
with the corresponding region of rat Kv2.1 to yield the protein sequence 
VAIIPYYVTIFLTESNKSVLQFQNVRRVVQIFRIMRILRIFK (in which the 
Kv2.1 sequence is underlined). This construct encoding the paddle-chimaera 
channel was combined with a pPICZ-C vector containing the rat 2.1 gene 
(residues 36-367) as described’. This vector, containing both the Kv1.2-Kv2.1 
paddle-chimaera channel and the $2.1 subunits, was used to transform yeast. 
Transformation of P. pastoris, expression, and cobalt affinity purification were 
performed as described’. 

After elution from the cobalt affinity column, the protein was concentrated to 
approximately 20 mg ml ', and was further purified on a Superdex-200 gel- 
filtration column. The buffer used for gel filtration consisted of: 150 mM KCl, 
20 mM TRIS-HCI, pH 7.5, 3 mM Cymal-6 (anagrade, Anatrace), 3 mM Cymal-7 
(anagrade, Anatrace), 1mM EDTA, 2mM _ Tris[2-carboxyethyl]phosphine 
(TCEP), 10mM DTT and 0.1mgml' lipid (3:1:1, POPC:POPE:POPG, 
obtained from Avanti). The mixture of detergents used (Cymal-6 and Cymal-7) 
improved the diffraction quality of the crystals. The gel-filtration fraction eluting 
between 11 ml and 12 ml showed Kv1.2 and 2.1 proteins in correct ratio on 
Coomassie-stained SDS-PAGE. Protein was concentrated to 10mgml ' (using 
a Centricon-50, Millipore), mixed with crystallization solution (1 pl protein plus 
1ul solution), supplemented with 0.11 CHAPS detergent additive (80 mM 
Hampton Research) and crystallized using the hanging-drop method over reser- 
voirs containing 0.1 ml crystallization solution at 20°C. The crystallization solu- 
tion contained 28-36% PEG 400, 50mM TRIS-HCI, pH 8.5. Crystals appeared 
within 5 days and were approximately 200 ttm in each dimension. 

AS1-S2 loop construct. The paddle-chimaera channel construct was used to 
make a construct in which a portion of the loop connecting the S1 and S2 helices 
was removed (Fig. 1a, b). The amino acid residues 196-213 were replaced with 
three glycine residues to yield the protein sequence: DENEDGGGQSTSEF. This 
protein was expressed and purified as described above, and was used for electro- 
physiology experiments. 

Structure determination. Crystals were frozen in liquid nitrogen directly 
from their mother liquor. Diffraction data were collected to 2.4A at 
beamline X29 (Brookhaven NSLS), images were processed with DENZO, and 
intensities were merged with SCALEPACK”. Data were further processed 
using the CCP4 suite’. The crystals belong to the P42,2 space group. The 
structure was solved by molecular replacement using the program MOLREP™, 
with the 2.9 A resolution structure of rat Kv1.2 in complex with rat 82.1 subunit 


nature 


(PDB accession number, 2A79) as a search model. There are two channel sub- 
units and two f subunits in the asymmetric unit, which, with crystallographic 
symmetry, gave rise to two four-fold tetramers (molecules 1 and 2). The tetra- 
merization (T1) and B-subunit regions of these two tetramers are identical 
within the error of the coordinates. The electron density for the voltage sensors 
of one of the tetramers (transmembrane chain B) was significantly better defined 
than the other and was used to direct model building. The model was built using 
O*” and was refined with CNS* from 50-2.4 A to an Rfee of 24.4%. The final 
model contains 82.1 residues 36-361 and paddle-chimaera channel residues 32— 
417. All side chains are included in the model except channel residues 133-144 
(the link between T1 and the transmembrane region), which were modelled as 
poly-glycine. Crystallographic data and refinement statistics are shown in 
Supplementary Information. Figures were made using PyMol (http://www. 
pymol.org). 

Reconstitution of Kv1.2 channels. The purified channels were reconstituted 
into lipid vesicles using a published procedure* with modifications. In brief, 
POPE and POPG lipid mixture (15mg ml” 1:5 mg ml’, respectively, in recon- 
stitution buffer containing 10 mM HEPES, pH 7.0, 450mM KCl and 2mM 
DTT) were solubilized with 8% octyl-B-p-maltopyranoside (Anatrace). The 
protein (2-10 mg ml ' in gel filtration buffer, above) was then mixed with an 
equal volume of the solubilized lipids to yield a final protein concentration of 
1-5 mgml | and a lipid concentration of 10 mg ml’. Detergent was removed 
by dialyzing against reconstitution buffer with 2 mM freshly added DTT at 4°C 
for 4-6 days. The resulting protein-lipid reconstitution was flash-frozen in 
liquid N, and stored at —80 °C as small aliquots. 

Electrophysiological recordings. Bilayer experiments were performed as 
described previously”. In brief, planar lipid bilayers of POPE:POPG 
(15mg ml_!:5 mg ml") in decane were formed by painting over a 300-jm hole 
in a polystyrene partition separating two aqueous chambers*’. The chamber to 
which vesicles were added (cis) contained 4ml of 150mM KCl and 10mM 
HEPES, pH7.0; the opposite side (trans) contained 3 ml of 150mM KCl and 
10mM HEPES (pH7.0). Measurements were carried out using the voltage- 
clamp method in whole-cell mode, an Axopatch 200B amplifier, a Digidata 
1322A analogue-to-digital converter and Axoclamp software (Axon 
Instruments) to control membrane voltage and record currents. CTX (1 pM)*! 
was used to block channels in one orientation while channels in the other ori- 
entation were being recorded. 
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Crystal structure of the human p> 
adrenergic G-protein-coupled receptor 


Soren G. F. Rasmussen'*, Hee-Jung Choi'**, Daniel M. Rosenbaum’*, Tong Sun Kobilka’, Foon Sun Thian’, 
Patricia C. Edwards’, Manfred Burghammer’, Venkata R. P. Ratnala', Ruslan Sanishvili°, Robert F. Fischetti’, 
Gebhard F. X. Schertler®, William |. Weis!” & Brian K. Kobilka! 


Structural analysis of G-protein-coupled receptors (GPCRs) for hormones and neurotransmitters has been hindered by their 
low natural abundance, inherent structural flexibility, and instability in detergent solutions. Here we report a structure of the 
human £2 adrenoceptor ($2AR), which was crystallized in a lipid environment when bound to an inverse agonist and in 
complex with a Fab that binds to the third intracellular loop. Diffraction data were obtained by high-brilliance 
microcrystallography and the structure determined at 3.4 A/3.7 A resolution. The cytoplasmic ends of the B2AR 
transmembrane segments and the connecting loops are well resolved, whereas the extracellular regions of the B2AR are not 
seen. The BAR structure differs from rhodopsin in having weaker interactions between the cytoplasmic ends of 
transmembrane (TM)3 and TM6, involving the conserved E/DRY sequences. These differences may be responsible for the 
relatively high basal activity and structural instability of the B2AR, and contribute to the challenges in obtaining 


diffraction-quality crystals of non-rhodopsin GPCRs. 


GPCRs represent the largest family of membrane proteins in the human 
genome. They are remarkably versatile signalling molecules that are 
responsible for the majority of transmembrane signal transduction in 
response to hormones and neurotransmitters. GPCRs share a common 
structural signature of seven membrane-spanning helices with an extra- 
cellular N terminus and an intracellular C terminus (Fig. 1). Our under- 
standing of GPCR structure has been based largely on the crystal 
structures of the inactive state of rhodopsin'’. Rhodopsin is better 
suited for structural studies than most other GPCRs because it is pos- 
sible to obtain large quantities of functional protein from bovine retina. 
Rhodopsin is also a remarkably stable GPCR, retaining function under 
conditions that denature other GPCRs. 

The B,AR is a GPCR activated by adrenaline that plays important 
parts in cardiovascular and pulmonary physiology, and is one of 
the most extensively characterized members of this large family of 
membrane proteins®. The sites of interactions between agonists and 
the receptor have been characterized by mutagenesis studies” *, and 
biophysical methods have been used to study the conformational 
changes associated with agonist binding and activation’? '*. The 
B2AR is efficiently expressed in Sf9 insect cells and can be purified 
to homogeneity using antibody and ligand affinity chromatography”. 
The BAR is biochemically pure following chromatography using an 
antibody resin that binds to an N-terminal Flag epitope; however, 
more than half of these purified receptor molecules are not functional. 
Affinity chromatography, an important early development in GPCR 
biochemistry”, is essential for isolating functional B,AR protein. 
Purified B.AR bound to an antagonist remains stable and soluble at 
concentrations up to 50mg ml! for up to a week at room temper- 
ature in the detergent dodecylmaltoside. However, the B,AR is 
unstable in detergents used to obtain crystals of bovine rhodopsin. 
Extensive sparse matrix screening (over 2,000 conditions at 4°C and 
20 °C) failed to produce diffraction-quality crystals of wild-type B.AR. 


Challenges in crystallizing GPCRs 
The difficulty in generating crystals from the wild-type B,AR and 
other GPCRs for diffusible hormones and neurotransmitters may 
be related to the observation that these molecules are conformation- 
ally complex’**!*. In contrast to rhodopsin, many GPCRs, including 
the BAR, exhibit significant basal, agonist-independent G protein 
activation. This basal activity has been associated with structural 
instability~*”*, suggesting that the intramolecular interactions that 
maintain the receptor in the inactive state are also important for 
the structural integrity of the protein. Orthosteric ligands for 
GPCRs exhibit a spectrum of efficacies for receptor-stimulated 
G protein activation, ranging from inverse agonists, which inhibit 
basal activity, to agonists, which maximally activate the receptor. 
The B,AR contains relatively unstructured regions that are 
involved in functionally important protein-protein interactions. 
Protease susceptibility and intramolecular fluorescence resonance 
energy transfer experiments” indicate that the C terminus and the 
third intracellular loop are the most unstructured regions. The N and 
C-terminal ends of the third intracellular loop are involved in 
G protein activation and the selectivity of GPCR-G protein inter- 
actions*®. The C terminus interacts with G-protein-coupled receptor 
kinases, arrestins and other signalling molecules’’. In the case of 
water-soluble proteins, removal of such unstructured regions can 
facilitate crystallization, but for the BAR this strategy would remove 
hydrophilic surfaces that are frequently observed to form lattice con- 
tacts in membrane-protein crystals. 


Crystallization and structure solution 

In an effort to provide conformational stability while increasing 
the polar surface available for crystal contacts, we generated a mono- 
clonal antibody (Mab5) that binds to the third intracellular loop of 
native, but not denatured receptor protein’**. Mab5 was generated 
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by immunizing mice with purified BAR reconstituted into phospho- 
lipid vesicles at a high protein-to-lipid ratio. Binding of Mab5 to 
BAR does not alter agonist or antagonist binding affinities, and does 
not prevent agonist-induced conformational changes”; therefore, it 
does not significantly alter the native structure of the receptor. 
Purified, deglycosylated B,AR bound to carazolol (an inverse 
agonist) forms a complex with the Fab generated from Mab5 
(Fab5) in detergent, and the B,AR—Fab5 complex can be isolated 
by size-exclusion chromatography. 

Crystals of the carazolol-bound B,AR—Fab5 complex were grown in 
DMPC bicelles” using ammonium sulphate as a precipitant. The size 
and uniformity of the crystals were improved by removing 48 amino 
acids from the unstructured C terminus ($2AR365, Fig. 1). Crystals of 
the B,AR365—Fab5 complex grew as long, thin plates up to 300-11m 
long, approximately 30-11m wide, and less than 10-|1m thick. Owing to 
the size and radiation sensitivity of the crystals, data collection required 
the use of microbeam technology” in which X-ray beams are either 
focused (ID-13 and ID23-2 beamlines, European Synchrotron Radia- 
tion Facility, Grenoble) or moderately focused and then further colli- 
mated (23ID-B GM/CA-CAT beamline, Advanced Photon Source) to 
diameters between 5 and 10m. The initial images from the best 
crystals showed diffraction to 3.0 A; however, resolution was rapidly 
lost in sequential images from the same crystal volume. Nevertheless, 
we obtained a complete data set from a single crystal, and determined 
the structure by molecular replacement using immunoglobulin- 
domain search models for the Fab. The diffraction is anisotropic, with 
diffraction extending to 3.4 A in the plane of the membrane and 3.7 A 
perpendicular to the plane of the membrane. 


Structure of the B2AR-Fab5 complex 


Figure 2a shows the packing of the B,AR365—Fab5 complex in the 
crystals. The crystals seem to be formed from stacks of two-dimensional 
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crystals, as previously reported for bacteriorhodopsin crystallized in 
bicelles*’. There are few contacts between adjacent receptor molecules 
within a bicelle layer, indicating that the receptor is monomeric in the 
crystal. This is somewhat surprising considering that, in all reported 
crystals of rhodopsin, rhodopsin exists as antiparallel or parallel 
dimers'’. Moreover, evidence from a variety of biochemical and 
biophysical studies suggest that the B,AR and many other GPCRs 
exist as dimers or higher-order oligomers in the plasma membrane 
of cultured cells*, and there may be a role for dimers in the export of 
properly folded receptor protein from the endoplasmic reticulum”. 
It is important to note, however, that B,AR dimerization is not 
required for G protein activation. Purified B.AR exists as monomers, 
and monomeric BAR reconstituted into recombinant high-density 
lipoprotein particles couples efficiently to G.—its preferred hetero- 
trimeric G protein”’. 

The best-resolved regions of the crystal are the Fab5 fragments and 
cytoplasmic ends of the transmembrane segments of the receptor 
(Supplementary Fig. 1). In contrast to the cytoplasmic side of the 
receptor, the electron density is uninterpretable in the extracellular 
domain (Supplementary Fig. 2), even though this region of two 
receptor molecules packs together in a head-to-head manner around 
the crystallographic two-fold axis. The poor packing in this interface 
probably explains the significant anisotropy and poor overall reso- 
lution of the crystals. In an effort to improve the packing of the 
extracellular domains, we further modified B,AR365 by inserting a 
TEV cleavage site after amino acid 24 (B,AR24/365, Fig. 1). However, 
crystals of this construct are isomorphous to those made with 
B»AR365, and the structure (Supplementary Table 1) is virtually 
identical to that obtained from B,AR365—Fab5. 

As expected, the overall structure of the BAR (Fig. 2b) is similar to 
rhodopsin, with seven transmembrane helices and an eighth helix 
that runs parallel to the cytoplasmic face of the membrane. Several of 


Figure 1| Schematic diagram of the 
B2AR. Black circles with white 
letters indicate disordered residues 
not included in the model. Grey 
letters and circles indicate residues 
not included in the B,AR365 
construct used for crystallography. 
Red letters indicate amino acids for 
which side-chain electron density 
was not modelled. Yellow residues 
indicate amino acids implicated in 
ligand binding from mutagenesis 
studies. Orange residues indicate 
the conserved DRY sequence. 
Green residues form the Fab5 
epitope, and pink residues are 
packed against the Fab5 constant 
domain in the lattice. Small blue 
circles indicate glycosylation sites. 
Red lines indicate ten-amino-acid 
increments. 


T 


A086008000G 


365 G 


384 


©2007 Nature Publishing Group 


NATURE|Vol 450|15 November 2007 


the transmembrane helices are broken by non-helical kinks, most 
prominently TM7. Residues not included in the B,AR model, owing 
to absent or uninterpretable electron density, are indicated in Fig. 1. 
In the transmembrane helices, the majority of the missing side chains 
face the lipid environment. The loss of electron density occurs just 
above the ligand-binding site, near the predicted lipid-water inter- 
face, suggesting that ligand binding and/or the lipid environment 
contributes to the order of the transmembrane segments. Specific 
interactions between the variable domains of Fab5 and the B,AR 
occur over a sequence of nine amino acids at the N-terminal end 
of intercellular loop 3 (1233-V242) and two amino acids at the 
C-terminal end (L266 and K270) (shown in green in Fig. 2b). 
Therefore, Fab5 recognizes a three-dimensional epitope on the 
BAR, which is in agreement with the observation that Fab5 binds 
to native, but not denatured BAR protein’. Additional lattice con- 
tacts occur between the constant domain of a symmetry-related Fab5 
molecule and the second intracellular loop of B,AR (shown in 
magenta in Fig. 2b). 


Figure 2 | Structure of the B,AR365-Fab5 complex. a, Packing of the 
B»AR365—Fab5 complex in crystals formed in DMPC bicelles (BAR, gold; 
heavy chain, blue; light chain, red). b, Structure of the B, AR showing sites of 
the interactions with Fab5. Sites of specific (idiotypic) interactions between 
Fab5 and the BAR are shown in green. Sites of interactions between the 
BAR and the constant region of Fab5 of the symmetry mate are shown in 
magenta. Dotted grey lines indicate predicted membrane boundaries. Solid 
black lines indicate extracellular connections between transmembrane 
segments. ¢, Fo—Fc map contoured at 2.0 and surrounded by residues 
known to be involved in ligand binding. The chemical structure of carazolol, 
the bound ligand, is shown on the right. 
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Structural insights into basal activity 


The ligand-binding site can be identified by an extended flat feature 
in the electron-density maps close to the extracellular side of the 
transmembrane helices (Fig. 2b, c). This is the only large feature in 
residual electron-density maps and is adjacent to Asp 113, Val 114, 
Phe 289, Phe 290 and Asn 312—residues identified from mutagenesis 
studies as being involved in ligand binding in the B,AR’**”*. This 
region corresponds to the retinal-binding site of rhodopsin. The 
weak electron density in this region precludes definitive modelling 
of carazolol. It is unlikely that the crystallization conditions resulted 
in dissociation of carazolol from BAR. Carazolol bound to the B,AR 
has a distinct fluorescence emission spectrum*’, and BAR crystals 
and associated protein precipitate harvested from equilibrated 
hanging-drops showed no significant loss of carazolol binding, as 
detected by fluorescence spectroscopy (data not shown). 

Figure 3 shows a comparison of transmembrane segments of the 
B,AR superimposed with the homologous structure of rhodopsin. 
The root mean squared deviation for the alpha carbon backbone of 
the transmembrane segments is 1.56 A. Although the overall arrange- 
ment of the transmembrane segments is similar, the ByAR has a more 
open structure. The difference in the arrangement of the cytoplasmic 
ends of the transmembrane segments of B2AR and rhodopsin may 
provide structural insights into basal receptor activity. Rhodopsin 
has no detectable basal activity, a feature essential for vision. In con- 
trast, even when bound to the inverse agonist carazolol, the compara- 
tively high basal activity of the B,AR is suppressed by only 50% 
(Supplementary Fig. 4). Therefore, the carazolol bound BAR is not 
functionally equivalent to dark rhodopsin. Figure 3b compares the 
B,AR and two rhodopsin structures at the level of the conserved 
(E/D)R(Y/W) sequence (found in 72% of rhodopsin family mem- 
bers)'*. In the high-resolution structure of inactive (dark) rhodopsin, 
E134 and R135 in TM3 and E247 in TM6 form a network of hydrogen 
bonds and charge interactions referred to as the ‘ionic lock’’’. These 
interactions maintain rhodopsin in an inactive conformation. The 
ionic lock residues seem to have a similar role in the BAR because 
mutations of these amino acids in the BAR or other adrenergic recep- 
tors lead to constitutive activity’’**. Moreover, evidence from biophys- 
ical studies suggests that movement of the cytoplasmic end of TM3 
relative to TM6 on activation is similar for the BAR and rhodopsin’””. 
However, as shown in Fig. 3b, the transmembrane segments of the 
BAR have a more open structure in this region, and R131 in carazolol- 
bound £,AR is not close enough to E268 to form a hydrogen bond. 
The structure of carazolol-bound BAR around the ionic lock is more 
similar to the structure of light-activated rhodopsin*®® (Fig. 3b), in 
which R135 and E247 are separated by 4.1 A. This light-activated rho- 
dopsin structure may not represent the fully active conformation 
because the spectral properties of these crystals are similar, but not 
identical, to those of metarhodopsin II”. Nevertheless, given the role 
of TM3, TM6 and the adjacent cytoplasmic loops in G protein coup- 
ling, the more open structure of the B,AR may account for the residual 
basal activity of the BAR bound to the inverse agonist carazolol. 

It is unlikely that the observed structural differences between the 
B2AR and rhodopsin are due to distortion of the B.AR owing to 
interactions between Fab5 and the third intracellular loop, because 
binding of Fab5 had no effect on agonist or antagonist binding affin- 
ity, and does not effect agonist-induced movement of TM3 relative to 
TM6 (ref. 28). However, we cannot exclude the possibility that crystal 
packing interactions between Fab5 and the second extracellular loop 
(Fig. 2b) contribute to these structural differences. 

Another set of intramolecular interactions known to be important 
for minimizing the basal activity of the B,AR involves L272 in TM6. 
Mutation of L272 to alanine was the first reported constitutively 
active mutant of the B,AR*’. As seen in Fig. 4, L272 forms extensive 
van der Waals interactions with I135 in TM3; V222 and Y219 in TM5; 
and Y141 in intracellular loop 2 (Fig. 4, and Supplementary Fig. 5). 
Because L272 is adjacent to E268, disruption of the packing inter- 
actions by mutation to alanine may have an effect similar to 
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Rhodopsin 


Inactive rhodopsin 


TM6 


disruption of the ionic lock in rhodopsin. It is likely that this muta- 
tion would produce a more loosely packed, dynamic structure in this 
region, shifting the equilibrium towards a more active state. 


Figure 4 | Side-chain interactions between Leu 272 and residues in TM3, 
TMS and intracellular loop 2. Packing interactions are reflected in lower 
B-factors for these amino acids. The average B value of residues 135, 141, 219, 
222, 272 and 275 is 117 A”, compared to 157 A? for the receptor as a whole. 
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Figure 3 | Comparison of B2AR and rhodopsin 
structures. a, The B,AR is superimposed with 
the homologous structure of rhodopsin®. Retinal 
is shown in purple and the electron density in the 
putative ligand-binding site is shown as a green 
mesh. Structures were aligned using all seven 
transmembrane segments. The right panels 
represent cross-sections that are rotated 90° 
around the horizontal axis and viewed from the 
extracellular face of the receptor. b, Comparison 
of the BAR with structures of inactive rhodopsin 
and light-activated rhodopsin around the 
conserved E/DRY sequence in TM3. A dashed 
line shows the distance between the homologous 
arginine in TM3 and glutamate in TM6. To 
facilitate comparison of the E/DRY regions, the 
structures were aligned by superimposing TM3 


only. 
TM1 sf 


TM7 


Light-activated 
rhodopsin 


It is interesting that packing interactions around L272 are observed 
while the ionic lock interactions are absent. Because mutation of 
either E268 or L272 leads to elevated basal activity, it is likely that 
both are involved in maintaining the basal state of the receptor. From 
the current structure, we can conclude that formation of the ionic 
lock and the tight packing of L272 are not interdependent, and might 
even be structurally incompatible. It is possible that the ionic lock and 
L272 interactions stabilize two of several distinct substates in the 
unliganded BAR, and that these two substates have lower activity 
towards G, than the others. Carazolol binding may further stabilize 
the substate that favours packing around L272, and therefore reduce 
basal activity relative to the ensemble of substates in the unliganded 
receptor. The residual activity in the carazolol-bound receptor may 
be due to the failure to stabilize ionic lock interactions. 

The limitations of this crystal structure of the B,AR can be attri- 
buted to the poor crystal packing and the inherent structural flex- 
ibility of this GPCR relative to rhodopsin. Different crystallographic 
approaches will be needed to stabilize and visualize the extracellular 
domain and provide a more detailed picture of extracellular loops as 
well as the ligand-binding site. Nevertheless, this structure of the 
BAR in a lipid environment provides structural insights into the 
basis of basal activity, a feature of many GPCRs that may have both 
physiologic and therapeutic relevance. 


METHODS SUMMARY 


BAR was expressed in Sf9 insect cells using recombinant baculovirus. Sf9 cell 
membranes were solubilized in dodecylmaltoside and purified by sequential 
antibody and ligand affinity chromatography. Fab5 was generated by papain 
digestion of Mab5 and purified by ion-exchange chromatography. The B,AR— 
Fab5 complex was formed by mixing purified B,AR with a stoichiometric 
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excess of Fab5, and then isolated by size-exclusion chromatography. The purified 
B.AR-Fab5 complex was mixed with bicelles composed of the lipid DMPC and the 
detergent CHAPSO. The final §.AR-Fab concentration ranged between 8 and 
12mgml '. Crystals were grown by hanging-drop vapour diffusion in a mixture 
of ammonium sulphate, sodium acetate and EDTA over a pH range of 6.5 to 7.5. 
Crystals grew within 7 to 10 days. They were cryoprotected in 20% glycerol before 
freezing in liquid nitrogen. Owing to the size and radiation sensitivity of the 
crystals, diffraction images were obtained by microcrystallography. The structure 
of the B,;AR365—Fab5 complex was solved by molecular replacement, using sepa- 
rate constant and variable Fab domain structures as search models. Coordinates 
and structure factors are deposited in the Protein Data Bank (accession codes 2R4R 
for B2AR365—Fab5 and 2R4S for B,AR24/365—Fab5). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Crystallization. Preparation of §:AR365 and Fab5 are described in Supple- 
mentary Methods. The B,AR365—Fab5 complexes were mixed with bicelles 
(10% w/v 3:1 DMPC:CHAPSO in 10 mM HEPES, pH7.5, 100 mM NaCl) at a 
1:5 (protein:bicelle) ratio, and crystals were grown in sitting- and hanging-drop 
formats at 22 °C using equal volumes of protein mixture and reservoir solutions. 
Initial crystallization leads were identified using multiple 96-well sitting-drop 
screens from Nextal (Qiagen). After extensive optimization, crystals for data 
collection were grown in hanging-drop format over a reservoir solution of 
1.85-2.0M ammonium sulphate, 180mM sodium acetate, 5mM EDTA, 
100 mM MES or HEPES, pH 6.5-7.5. Crystals grew to full size within 7 to 10 
days. Crystals were flash frozen and stored in liquid nitrogen, with reservoir 
solution plus 20% glycerol as cryoprotectant. 
Microcrystallography data collection and processing. Microbeams were essen- 
tial to obtain a favourable signal-to-noise ratio from the weakly diffracting thin 
crystals. The shape of the crystals permitted complete data to be measured from a 
single crystal. A small wedge of data, typically 5-10°, (1° per frame) could be 
measured before significant radiation damage was observed. The crystal was then 
translated to a new, undamaged position to collect the next wedge of data. A total 
of 182° of data collected in this manner, measured at beamline ID23-2 of the 
ESRF, were used for the final §,AR365—Fab5 data set (Supplementary Table 1). 
The §:AR24/365—Fab5 data set was obtained from 225° of data measured using a 
4-l1m X 6-j1m beam at beamline 231D-B of the APS (Supplementary Table 1). 
ESRF data were processed with MOSFLM and SCALA”, and data measured at 
the APS were processed with HKL2000*. In many cases it was necessary to re- 
index the crystal after moving to a new position on the crystal, which may have 
been due to bending of the frozen crystals such that the indexing matrix from the 
previous volume could not accurately predict the diffraction pattern from a new 
volume. This problem precluded global post refinement of the unit cell para- 
meters. The unit cell parameters used for subsequent analysis (Supplementary 
Table 1) were obtained from initial indexing and refinement from one wedge of 
the ESRF data, and were subsequently found to be sufficient for processing the 
remaining data without unit cell constant refinement. Using a partial specific 
volume of 1.21 A*/Da for protein, the unit cell would have 66% lipid, detergent 
and aqueous solvent for one B,AR—Fab5 complex in the asymmetric unit. 
Structure solution and refinement. The structure of the B.AR365—Fab5 com- 
plex was solved by molecular replacement, by searching with separate constant 
and variable domain models against a low-resolution (4.1 A) data set measured 
at ESRF beamline ID-13. The Fab was derived from a murine IgG antibody 
containing a « light chain and y1 heavy chain”*. At the time of these calculations 
the sequence of the heavy chain was not known, and the crystal structure of a Fab 
containing a k light chain but 2 heavy chain“ (PDB code 1IGT) was used as a 
search model. Molecular replacement was performed with the program 
PHASER", using data between 12 and 4.5 A. The constant domain was placed 
first, followed by the variable domain. The constant domain model retained all 
side chains, whereas the variable domain was reduced to polyalanine. All atomic 
temperature factors were set to 50 A. The best solution had rotation and trans- 
lation function Z scores of 5.3 and 10.6 for the constant domain, and 4.5 and 21.7 
for the variable domain. An electron density map calculated to 6A from this 
solution revealed rods of density corresponding to the transmembrane helices of 
the receptor. A model of the transmembrane portion of rhodopsin made by 
removing the cytoplasmic and extracellular loops, retinal and water molecules, 
and replacing those residues non-identical with B,AR with alanine could be 
manually placed into this density. To obtain a convenient starting model for 
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building the receptor, the molecular replacement calculation was re-run to 
include the rhodopsin transmembrane helices model as a third search model 
after placing the two Fab domains. Although the top solution was not very strong 
statistically (rotation function Z = 2.5, translation function Z = 7.0), after rigid 
body refinement the rhodopsin model was very close to that placed manually 
into the 6A map. This molecular replacement solution was then subjected to 
rigid-body refinement between 20 and 5 A in CNS", using five rigid bodies (the 
Fab constant domain light and heavy chains, the variable domain light and 
heavy chains, and rhodopsin). This gave R and Reece values of 0.447 and 0.452, 
respectively. 

Electron-density maps made with phases either from the Fab model alone or 
the rigid-body refined Fab + minimal rhodopsin model indicated significant 
differences between rhodopsin and BAR, and extensive manual rebuilding 
was required to refine the structure. The structure was initially refined at 4.1 A 
resolution. The test set from the 4.1 A set was transferred to the higher-resolution 
B,AR365—Fab5 set measured at the ESRF (Supplemental Table 1) and additional 
test set reflections added in the 4.1-3.4A range. Multiple rounds of manual 
rebuilding, positional and grouped temperature factor refinement were per- 
formed using the maximum likelihood amplitude target in CNS. The electron 
density of the Fab is very well defined owing to its tight packing in the crystal, 
whereas the receptor is poorly packed and has much higher temperature factors 
(Supplementary Fig. 1 and Supplementary Table 1). Because the receptor density 
is poor, we also refined against a second data set from a single crystal of the 
B,AR24/365—Fab5 complex (Supplementary Table 1), to ensure that any densi- 
ties observed in the receptor region are not due to noise in the first data set. The 
B2AR24/365—Fab5 data set was obtained from 225° of data measured using a 
4-uum X 6-41m beam at beamline 23ID-B of the APS. Although there is electron 
density in the extracellular region, the final model retains only those residues that 
could be unambiguously assigned (Fig. 1). 

The high-temperature factors and weak electron density for the receptor raises 
concerns about model bias. However, the Fab represents 50% of the scattering 
mass and, because of its better order, contributes even more to the total scatter- 
ing and so represents a significant source of phase information independent of 
the receptor. Simulated annealing omit maps confirmed the interpretation pre- 
sented here. Moreover, alternative sequence registers or backbone paths were 
considered in several portions of the receptor, but these models could be elimi- 
nated based on inspection of o, weighted 2Fo-Fe and Fo-Fc electron density 
maps. 

On the basis of the average F/o(F) of reflections near the three crystallographic 
axes (as defined by the program TRUNCATE”), we estimate the effective reso- 
lution to be 3.4A within the plane of the membrane and 3.7A perpendicular to 
the membrane for the ByAR365—FabS structure, and 3.4 A/3.8 A for the B»AR24/ 
365—Fab5 structure. 
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A runaway collision in a young star cluster as the 
origin of the brightest supernova 


Simon F. Portegies Zwart’? & Edward P. J. van den Heuvel’” 


Supernova SN 2006gy in the galaxy NGC 1260 is the most lumin- 
ous recorded’~. Its progenitor might have been a very massive 
(>100Mo, where Mo is the mass of the Sun) star’, but that inter- 
pretation is incompatible with hydrogen in the spectrum of the 
supernova; stars >40Mo are believed to have shed their hydrogen 
envelopes several hundred thousand years before the explosion’. 
Alternatively, the progenitor might have arisen from the merger of 
two massive stars’. Here we show that the collision frequency of 
massive stars in a dense and young cluster (of the kind to be 
expected near the centre of a galaxy) is sufficient to provide a 
reasonable chance that SN 2006gy resulted from such a bombard- 
ment. If this is the correct explanation, then we predict that when 
the supernova fades (in a year or so) a dense cluster of massive stars 
will become visible at the site of the explosion. 

The presence of hydrogen in SN 2006gy is hard to reconcile with 
the explosion of a 240M.q star, because such a star loses its hydro- 
gen-rich envelope several hundreds of thousands of years before the 
star explodes®. Also, the location of the supernova, at a projected 
distance of about 1’’ (~350 parsecs, pc) from the nucleus of the host 
galaxy NGC 1260, is remarkable. A merger between a very massive 
(>100M.) hydrogen-depleted star (that already had a core in an 
advanced phase of helium burning) and a hydrogen-rich main- 
sequence star of 10-40Mo that occurred 10* to 10° years before 
the supernova explosion may explain the unusual brightness of the 
supernova, the presence of the hydrogen in the interstellar medium 
surrounding the supernova and the presence of hydrogen in the 
supernova itself’. 

The existence of young star clusters that are in a state of dynamical 
core collapse is crucial for the proposed scenario. During core col- 
lapse and the subsequent post-core-collapse evolution of the star 
cluster, a runaway collision product can grow*, and even though 
the star is likely to be much more extended than usual, subsequent 
bombardment will result in a net increase in mass’. Eventually the 
massive star is expected to prostrate to a black hole of intermediate 
mass'®'', The supernova in which the black hole forms is likely to be 
unusually bright with some hydrogen in its envelope leftover from 
the last collision. 

The inner few hundred parsecs around the centre of the Milky Way 
is populated with several bright and dense star clusters, of which the 
Arches cluster'* and Quintuplet’’ are the most well known, but many 
others exist’*"'®. The proximity of the Galactic centre and the depth of 
the potential well of the bulge causes these clusters to be denser than 
elsewhere in the Galaxy’’. 

The SB/SBO host galaxy NGC 1260 appears rather ordinary”, 
although the presence of a dust lane and of Ht emission near its 
centre suggests that a recent burst of star formation occurred near 
its centre’’. We estimate, taking an intergalactic extinction of 
A ~ 0.43 magnitudes (mag) (ref. 19) into account, that within the 


observed isophotal magnitude B,; ~ 16’’ (~5.6 kpc)'? and adopting 
MI/Lp x L°°? (ref. 20), NGC 1260 has a mass of M(R=5.6 kpc) = 
3 X 10'°M«, where R is the radius from the centre of NGC 1260. 
We assume that the mass enclosed within R is (as is the case for 
the Milky Way”') described with M(R) = uR'*. For NGC 1260 
p= 9.5 X 10°Mo, so we can then calculate the lower limit to the tidal 
radius” for a cluster of mass m in a circular orbit at distance R from 
the centre of NGC 1260. 

Star clusters that experience core collapse before the most massive 
stars have left the main sequence can grow a supermassive star via 
collision runaway**?*°. The mass which can then grow within 
<3 Myr can be estimated using equation (2) of ref. 17. Here we have 
to make some assumption about the stellar mass function in the 
cluster, but for clarity, to adopt a mean mass of (m) =0.5Mo is 
sufficient without detailed knowledge of the exact shape of the initial 
mass function. For a reasonable range of cluster densities and dis- 
tances from the centre of NGC 1260 we can now calculate the mass 
that can be grown in the cluster in <3 Myr. 

In Fig. 1 we present the results of our calculations using a King” 
model with the depth of the central potential expressed by the dimen- 
sionless parameter Wo = 8, which can produce at most a ~920Mo 
star in a collision runaway. For shallower as well as for more con- 
centrated King models the maximum mass for the supermassive star 
decreases, as well as the mass of the cluster that produces such stars. 

The last collision before the supernova must have occurred with a 
relatively unevolved main-sequence star, and deposited large quant- 
ities of hydrogen on the surface of the collision product. By the time 
of the supernova not all the surface hydrogen of the last collision was 
blown away, given that about 1Mo of hydrogen was observed in the 
supernova’. The remainder of the hydrogen deposited on the stellar 
surface during the last collision was found in the interstellar medium 
surrounding the supernova, and exceeds some 0.5-5Mo (refs 5, 7) 
but could be as high as 20-30Mo@ (ref. 5). This mass may have come 
from the strong stellar wind in the last few 10* years before the 
supernova, blowing away the hydrogen which was deposited to the 
stellar surface during the collision. A tentative upper limit for the 
rate of mass loss of the progenitor star is #1 =5 X10 “Mayr | to 
14X10 *Mo yr | (ref. 5). These observed mass-loss rates are con- 
sistent with those of detailed evolutionary calculations for stars of 
500-1,001M.« (refs 27, 28). At this mass-loss rate it takes roughly 
4X 10* to 1.4 X 10° years to blow 20Mz in the form ofa stellar wind 
from the surface of the supermassive star. This timescale is of the 
same order as our estimated average time between collisions of 
<7.3 X 10* years (see Fig. 1). 

The luminosity of the supernova explosion in collapsar models is 
driven by the angular momentum transfer from the critically rotating 
black hole to its surrounding torus. The available energy reservoir, 
and thus the supernova brightness, would then be proportional to the 
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Figure 1| Mass of the collision runaway star as a function of cluster mass 
and its distance to the centre of NGC 1260. The contours, computed for a 
King model with Wo = 8, give the mass of the runaway collision star as a 
function of the distance to the centre of the galaxy NGC 1260 and the mass of 
the star cluster. The lowest four contours are labelled by the mass of the 
supermassive star (in solar masses) with constant increments of 100M 5 for 
subsequent curves. A star cluster less massive than about 6,000M q is unable 
to experience core collapse and produce a collision runaway before it 
dissolves in the tidal field of the parent galaxy, whereas star clusters in the top 
right corner are unable to reach core collapse before the most massive stars 
experience a supernova. The most massive object that can form is ~920M,5 
in a m= 1.3 X 10°Mo cluster. An m = 48,000M. cluster with Wy = 5 can 
produce at most a 340M. supermassive star, whereas a King model with 
Wp = 11 can produce a star of at most 480M in a cluster of 68,000M.3. 
With an average mass increase per collision of ~20Mo (refs 8, 23), the 
supermassive star then has experienced at most some 40 collisions between 
the moment of gravothermal collapse of the cluster core and the moment 
that the supermassive star explodes in a supernova. The mean time between 
collisions for this model is then <7.3 X 10* years. For shallower as well as for 
more concentrated models the time between collisions is larger; < 1.7 < 10° 
years for Wy = 5 and <1.2 X 10° years for Wo = 11. For a wide range of 
reasonable cluster parameters it appears likely that a collision runaway 
ensues and produces a supermassive star. 


mass of the black hole”. The observed brightness of SN 2006gy would 
then be consistent with the collapse of an unusually massive star, and 
the consequent formation ofa rather massive (2 100M.) black hole. 
We are unaware of detailed simulations of such an unusual super- 
nova to bolster our arguments, but the consequences for the super- 
nova seem to be profound and we encourage further research in this 
direction. 

The amount of hydrogen in the pre-supernova stellar envelope, the 
amount of hydrogen in the surrounding interstellar medium, the 
mass-loss rate of the supernova progenitor derived from the observa- 
tions and the enormous brightness of the supernova all fall within a 
reasonable uncertainty of the values we derive here on the basis of the 
collision runaway scenario. We therefore conclude that a collision of 
a ~20M. main-sequence star with a supermassive star ~10° years 
before the supernova could conveniently explain the range of odd- 
ities surrounding SN2006gy. We predict that a young (<5 Myr), 
dense and massive (10°< m<10°M.) star cluster is present at the 
location of the supernova. At the moment the star cluster cannot be 
seen, but adopting a mass-to-light ratio of ~0.6, which is consistent 
with the Starburst99 (ref. 30) models fora <5-Myr-old stellar popu- 
lation, the cluster should become noticeable as soon as the supernova 
fades below an absolute magnitude of about —8.2 mag for a 10°Mo 
star cluster, and —5.7 mag for a 10*Mo star cluster. 

The environment in which the collision runaway can be initiated is 
rather exotic, as the cluster has to be sufficiently massive and dense to 
warrant dynamical core collapse within a few million years. In star 
clusters sufficiently massive to grow a massive collision product there 
are typically between 60 and 600 stars >8M.«, and consequently only 
one out of 60-600 type Ib/c or type II supernovae in these clusters will 
be of this peculiar bright type, as SN2006gy is. If in a nuclear or a 
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normal starburst ten per cent of all stars are formed in sufficiently 
dense clusters, one would expect about one out of 600-6,000 super- 
novae to be of this type. 
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Pulsational pair instability as an explanation for the 


most luminous supernovae 


S. E. Woosley’, S. Blinnikov’”” & Alexander Heger’* 


The extremely luminous supernova SN 2006gy (ref. 1) challenges 
the traditional view that the collapse of a stellar core is the only 
mechanism by which a massive star makes a supernova, because it 
seems too luminous by more than a factor of ten. Here we report 
that the brightest supernovae in the modern Universe arise from 
collisions between shells of matter ejected by massive stars that 
undergo an interior instability arising from the production of 
electron—positron pairs’. This ‘pair instability’ leads to explosive 
burning that is insufficient to unbind the star, but ejects many 
solar masses of the envelope. After the first explosion, the remain- 
ing core contracts and searches for a stable burning state. When 
the next explosion occurs, several solar masses of material are 
again ejected, which collide with the earlier ejecta. This collision 
can radiate 10°° erg of light, about a factor of ten more than an 
ordinary supernova. Our model is in good agreement with the 
observed light curve for SN 2006gy and also shows that some mas- 
sive stars can produce more than one supernova-like outburst. 

The life of a star is determined by the mass, composition and 
rotation rate with which it is born. Most important to its death is 
the mass, at the end of the star’s life, of its core of helium and heavy 
elements, usually called the ‘helium core’ (Table 1). That mass, which 
determines the explosion mechanism for the supernova the star 
makes and its nucleosynthesis, is in turn sensitive to how much mass 
the star lost along the way. For currently favoured mass loss rates and 
solar composition, stars with initial masses over ~40 times that of the 
Sun lose all their hydrogen envelope and part of their helium core as 
well. Current calculations suggest that the maximum helium core at 
death is only about 15 solar masses**, and no modern star, at least in 
our Galaxy, would encounter the pair instability. The rate at which 
the most massive stars lose mass is quite uncertain®’ though, and 
depends upon their metal content*®. Much more massive helium 
cores could have been common for stars born in the distant past 
and perhaps, occasionally, even today. 

Among these most massive stars, particularly poorly explored are 
“pulsational pair-instability supernovae””’°"', which might occur at 
the deaths of main-sequence stars in the mass range 95 to 130 solar 
masses (Table 1). The pair instability is encountered when, late in the 


Table 1| Final evolution of stars of different initial mass* 


Mass at birth (solar masses) Helium core mass (solar masses) 


Compact remnant 


star’s life, a large amount of thermal energy goes into making the 
masses of an increasing abundance of electron—positron pairs rather 
than providing pressure. Rapid contraction occurs, followed by a 
thermonuclear explosion*'”'’. But in the pulsational case, the energy 
released by the explosive burning is inadequate to unbind the entire 
star. It suffices, however, violently to eject many solar masses of 
surface material, including all that is left of the hydrogen envelope, 
in a series of giant ‘pulses’. The typical binding energy for the hydro- 
gen envelope of such massive stars is only ~0.1 to 1 X 10*’ erg, 
whereas the energy of a pulse is ~1-100 X 10°? erg (Supplementary 
Table 1), so the envelope is easily ejected in the first pulse. After each 
pulse, the remaining core contracts, radiates neutrinos and light, and 
searches again for a stable burning state. The time required for this 
contraction is sensitive to the strength of the pulse and how close the 
star came to becoming unbound. If the temperature after the first 
pulse is less than about 9 X 10° K, neutrino losses are inefficient and it 
may be decades before the star starts burning again. If the core is 
much hotter, it may only take days. 

If the remaining helium core is still over 40 solar masses, with the 
exact threshold depending upon the entropy lost to neutrinos during 
the interpulse period, the star encounters the instability again, and 
ejects another several solar masses. Later ejections have lower mass, 
because the envelope was expelled in the first pulse, but have higher 
energy. They quickly catch up to the first shell, which by this time is at 
10'°-10'° cm, where the collision dissipates most of their relative 
kinetic energy as radiation (Fig. 1). Because of the large radius for 
the collision, adiabatic losses from expansion are roughly two orders 
of magnitude less than in a common type-II supernova. That is, a 
collision involving only 10°° erg of kinetic energy can radiate as much 
as 10°’ erg of light, more than ten times an ordinary supernova. 

To illustrate these general ideas, consider the evolution ofa star of 
110 solar masses and solar composition. Its evolution is calculated 
using the Kepler code*"* with mass loss included at a fraction of the 
standard value for solar metallicity stars'*'®, 50% on the main 
sequence, 10% as a helium-burning red giant. Our 110-solar-mass 
main-sequence star then ends its life with a total mass of 74.6 solar 
masses and a helium core of 49.9 solar masses, well within the 


Event 


10-95 2-40 
95-130 40-60 
130-260 60-137 
>260 >137 


Neutron star, black hole 
Neutron star, black hole 
Explosion, no remnant 

Black hole ? 


Ordinary supernova 
Pulsational pair-instability supernova 
Pair-instability supernova 


Column 1 gives the total mass of the (non-rotating) star when it is born. If the outer layers of hydrogen and helium are not entirely lost along the way, the second column gives the mass of the core of 
helium and heavier elements inside the star when it dies. Columns 3 and 4 then describe how the star dies and what sort of remnant it leaves behind. Without rotation, helium cores over 137 solar 
masses simply disappear into a black hole. With rotation, their evolution is uncertain. The pair instability occurs after carbon burning when the centre of the star encounters thermodynamic 

conditions where a large fraction of the internal energy is stored in the rest masses of electron—-positron pairs. The loss of pressure renders the star briefly unstable against collapse, nuclear burning 


and explosion. 


'Department of Astronomy and Astrophysics, UCSC, Santa Cruz, California 95064, USA. @ITEP, 117218 Moscow, Russia. 7Max Planck Institut fiir Astrophysik, Garching, D-85741, 
Germany. “Theoretical Astrophysics Group, T-6, MS B227, Los Alamos National Laboratory, Los Alamos, New Mexico 87544, USA. 
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Figure 1| Velocity structure following the second eruption of a 110-solar- 
mass pulsational pair-instability supernova. The velocity and enclosed 
mass are plotted against the log of the radius. The velocity discontinuity at 
10'° cm shows where fast-moving ejecta from the second outburst are 
starting to collide with the slower-moving material ejected in the first pulse. 
Hydrogen-rich and helium-rich material immediately above this shock is 
moving at less than 200 kms ' and will give rise to narrow lines in the 
spectrum of the emission, as was seen in SN 2006gy'. Most of the kinetic 
energy of the second ejection will be dissipated within 10'° cm. This 
particular configuration resulted from a star initially with 110 solar masses 
that had 74.6 solar masses left when it began exploding (see text). 


pulsational domain. The pre-supernova star is a red supergiant with 
radius 1.1 X 10'*cm and luminosity 9.2 x 10°’ ergs’. Its outer 24 
solar masses of low-density envelope are only bound by 
9.0 X 10° erg. 

After burning helium and carbon, when the temperature exceeds 
10° K, this star first encounters the pair instability. The helium core 
collapses rapidly to a maximum central temperature of 3.04 X 10’K 
and density 1.50 X 10° gm cm ®, far hotter than the usual 2.0 X 10’K 
at which oxygen burns stably in a massive star. So the star violently 
explodes, burning 1.49 solar masses of oxygen and 1.55 solar masses 
of carbon and releasing 1.4 X 10°! erg (Supplementary Figs 1 and 2). 


43.5 
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Figure 2 | Cumulative light curve for the 110-solar-mass model. Three 
events characterize the final years of the star’s life. The first major eruption 
ejects about 25 solar masses of hydrogen—helium envelope and makes a 
supernova with luminosity ~6 X 10*' ergs ' lasting 200 days (see 
Supplementary Fig. 5). Shock breakout produces the brief bright ultraviolet 
transient at the onset of this first light curve, while the plateau is due to 
hydrogen recombination. Then 6.9 years later a second eruption produces a 
brilliant event as the fast-moving ejecta collide with the debris of the first 
supernova (Fig. 1 and 3). And 9 years after that, the star forms a 2.2-solar- 
mass iron core that collapses to a rapidly rotating neutron star or black hole. 
A third bright event, possibly a gamma-ray burst, might then occur. 
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Most of this energy goes into expanding the star. About 10%, how- 
ever, goes into driving off 24.5 solar masses of envelope and core 
(mostly helium and some hydrogen) with a terminal speed of 100 
to 1,000kms7! (Fig. 1). This envelope ejection gives the first super- 
nova-like display with a luminosity ~4 X 10*' ergs ' for 200 days 
(Fig. 2 and Supplementary Fig. 5). 

What is left behind is a 50.7-solar-mass remnant, slightly larger 
than the original helium core mass, that once again radiates neut- 
rinos, contracts and grows hotter. Then 6.8 years later, it encounters 
the pair instability a second time. This time the pulse is stronger, and 
6.0 X 10°” erg is shared by a smaller ejected mass of 5.1 solar masses. 
The collision of this high-velocity shell with the larger mass ejected 
earlier (Fig. 1) produces a brilliant light curve’’ calculated here using 
the radiation-hydrodynamics code Stella'® (Fig. 3). Stella uses multi- 
energy groups to compute the coupling of radiation transfer to the 
gas dynamics and produces multi-colour and bolometric light 
curves. Previously Stella was used successfully to resolve a very thin 
shell and radiative shock in the case of SN 1994W and gave multi- 
colour fluxes in good agreement withobservations'’. The good agree- 
ment with SN 2006gy', (Fig. 3 and Supplementary Figs 7-9) is sug- 
gestive of a light curve generated by collisions between solar masses of 
material as refs 1 and 20 have also proposed. Other models for 
SN 2006gy based upon traditional pair-instability supernovae can 
be very bright'??!, but require a large mass of °°Ni and are difficult 
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Figure 3 | Absolute R-band magnitudes resulting from the strong second 
explosion of the 110-solar-mass model. The time axis has been adjusted so 
as to give the best agreement with observations of SN 2006gy’, plotted as the 
red data points, and the model results have been smoothed using a numerical 
averaging over 30-day intervals. Multi-dimensional calculations of similar 
models*’ suggest that instabilities in the thin dense shell, where the radiation 
originates, will result in the formation of a mixed layer with relative 
thickness AR/R ~ 0.1-0.15. The predictions of our one-dimensional model 
(where the radius is proportional to the time) should thus be blurred by 
At ~ 30 days for a total light-curve width of about 200 days. An R-band 
extinction of 1.68 magnitudes is assumed for the supernova'. Two curves are 
shown, one for the nominal model discussed in the text, and a second where 
the velocity of all the ejecta—pulses 1 and 2—has been multiplied by two 
(hence an artificial increase in the explosion energy from 7.2 X 10°’ erg to 
2.9 X 10°! erg). The large variations apparent in the fainter model are absent 
in the brighter one because the photosphere at peak light in the more 
energetic model has not receded to near the shock. The actual explosion 
energy and mass ejected are sensitive to the initial mass of the star, its 
uncertain mass loss (that is, the mass of the remaining hydrogen envelope 
when the star dies), and details of the cooling between pulses. Other light 
curves, without smoothing and with variable explosion energy and density, 
are given in Supplementary Figs 7-9. 
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to reconcile with the narrow width of the observed light curve*”* and 
the narrow spectral features due to hydrogen. They also require 
exceptionally massive progenitor stars. 

The photospheric structure of these collisionally dominated super- 
novae is novel. Early on, the collision occurs at such high density and 
small radius that the shock is preceded by an optically thick pho- 
tosphere (Supplementary Figs 10 and 11). Matter inside this pho- 
tosphere is ionized and optically thick. The emission is nearly 
blackbody and no X-ray or radio emission is produced. The mass 
in the second eruption quickly becomes concentrated in very thin 
shells. Later, the large velocity shear bounding these shells keeps the 
opacity in Doppler-broadened lines from becoming too small, and 
the emission continues to be predominantly in near-optical bands. 
The large column depth probably keeps any appreciable X-rays that 
are produced from escaping until after the optical display is over. 
This is consistent with the low level of X-rays detected from the 
supernova”. 

Nine years later, the 110-solar-mass model finishes a final phase of 
contraction and gently starts silicon burning at its centre, making an 
iron core that collapses (Fig. 2 and Supplementary Fig. 4). A 95-solar- 
mass star that evolved similarly, but with mild rotation (equatorial 
speed 100kms_' on the main sequence) and magnetic torques”, 
produces a similar helium-core mass, but has sufficient angular 
momentum in its iron core to make a neutron star with period 
2ms. This is sufficiently rapid rotation to form a magnetar’’, or, 
within uncertainties in the angular momentum transport model, a 
collapsar”®. Thus the final death of the star might generate a gamma- 
ray burst*’”*, but one that is embedded in many solar masses of 
circumstellar material. The optical light curve from such an event 
could also be very bright and might be an alternative explanation for 
SN 2006gy. 

Indeed, as Supplementary Table 1 shows, the pulsational pair- 
instability mechanism can energize a variety of explosive phenomena 
with characteristic timescales ranging from days to centuries. We 
have focused here on the brightest of these events, but if the energy 
of the ejected shells is low and if the core of the star eventually 
collapses to a slowly rotating black hole, we might observe “super- 
nova impostors””’ and nothing else. If the star lost its envelope, but 
retained a supercritical helium core mass, it might form a repeating 
type Ib supernova’’. 
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Entanglement-free Heisenberg-limited phase 


estimation 


B. L. Higgins’, D. W. Berry”, S. D. Bartlett’, H. M. Wiseman'* & G. J. Pryde’ 


Measurement underpins all quantitative science. A key example is 
the measurement of optical phase, used in length metrology and 
many other applications. Advances in precision measurement 
have consistently led to important scientific discoveries. At the 
fundamental level, measurement precision is limited by the num- 
ber N of quantum resources (such as photons) that are used. 
Standard measurement schemes, using each resource indepen- 
dently, lead to a phase uncertainty that scales as 1/\/N—known 
as the standard quantum limit. However, it has long been conjec- 
tured’” that it should be possible to achieve a precision limited 
only by the Heisenberg uncertainty principle, dramatically 
improving the scaling to 1/N (ref. 3). It is commonly thought that 
achieving this improvement requires the use of exotic quantum 
entangled states, such as the NOON state*°. These states are extre- 
mely difficult to generate. Measurement schemes with counted 
photons or ions have been performed with N = 6 (refs 6-15), but 
few have surpassed the standard quantum limit'”"* and none have 
shown Heisenberg-limited scaling. Here we demonstrate experi- 
mentally a Heisenberg-limited phase estimation procedure. We 
replace entangled input states with multiple applications of the 
phase shift on unentangled single-photon states. We generalize 
Kitaev’s phase estimation algorithm’’ using adaptive measure- 
ment theory'””° to achieve a standard deviation scaling at the 
Heisenberg limit. For the largest number of resources used 
(N= 378), we estimate an unknown phase with a variance more 
than 10dB below the standard quantum limit; achieving this 
variance would require more than 4,000 resources using standard 
interferometry. Our results represent a drastic reduction in 
the complexity of achieving quantum-enhanced measurement 
precision. 

Phase estimation is a ubiquitous measurement primitive, used for 
precision measurement of length, displacement, speed, optical pro- 
perties, and much more. Recent work in quantum interferometry 
has focused on n-photon NOON states*"?7!, (|n)|0) + |0)|n))/V2, 
expressed in terms of number states of the two arms of the interfero- 
meter. With this state, an improved phase sensitivity results from a 
decrease in the phase period from 21 to 21/n. We achieve improved 
phase sensitivity more simply using an insight from quantum com- 
puting. We apply Kitaev’s phase estimation algorithm'*” to quantum 
interferometry, wherein the entangled input state is replaced by mul- 
tiple passes through the phase shift. The idea of using multi-pass 
protocols to gain a quantum advantage was proposed for the problem 
of aligning spatial reference frames”’, and further developed in relation 
to clock synchronization™ and phase estimation””®. 

The conceptual circuit for Kitaev’s phase estimation algorithm is 
shown in Fig. la. The algorithm yields, with K + 1 bits of precision, 
an estimate ¢., of a classical phase parameter ¢, where e* is an 
eigenvalue of a unitary operator U. It requires us to apply K+ 1 


unitaries, U?, with p= 2K 2K- 1). 1, each controlled by a different 
qubit. Each qubit is prepared in the state H|0) = ie (|0) +|1)), and 
the control induces a phase shift e’”? on the |1) ‘component. The 
qubits are measured sequentially in the o,, basis (X), and the results 
control additional phase shifts, indicated by R(«) = exp(ia|0){0|), on 
subsequent qubits. This enables the inverse quantum Fourier trans- 
form to be performed without entangling gates’’. With a random 
phase 0 on the qubits, as shown in Fig. 1a, the measurement results on 
the qubits are the binary digits of (¢.., — 0)/2n; this ensures that the 
accuracy of the estimate is independent of the value of ¢. 

Alternatively, this independence could be obtained by using a 
second classical ‘feedback’ phase 0, as in Fig. 1b, which also eliminates 
the need for many of the gates in Fig. 1a. This is a classical real-valued 
parameter whose value is adjusted by 1/p, indicated by the symbol 
D(n/p), controlled by the results of measurements. The value of 0 
determines (as indicated by the diamond-shaped control symbol in 
Fig. 1b) phase-shifts R(p0) on the qubits. Applying this to interfero- 
metry, we can measure an unknown optical phase ¢ using dual-rail 
photonic qubits”. Here the operator Uinduces a relative phase shift # 
each time the beam path (in one arm of the interferometer) passes 
through the unknown optical phase ¢. The additional phase shifts 
(determined by @) can be implemented using a single-pass control- 
lable phase in the other arm. 

If a fixed probability of error in 5 is allowed (that is, if the 
uncertainty is quantified by a confidence interval), then the uncer- 
tainty of Kitaev’s phase estimation scales as 2” “ (ref. 22). Because the 
number of control photons is Nphot = K + 1, this scaling implies an 
exponential decrease in the phase uncertainty with increasing 
resources—apparently violating the Heisenberg uncertainty prin- 
ciple. The correct analysis, however, is as follows. Although the cost 
of implementing U? can be assumed to be essentially independent of 
p in the context of quantum computation, in interferometry it 
requires p applications of the phase shift, and should thus be counted 
as requiring p resources’. Using this definition, the total number of 
resources used is N= 2**!— 1, Then for N>> 1, the uncertainty 
scales as 1/N, as in the Heisenberg limit. We note that this quantifica- 
tion of resources in terms of the number of applications of the phase 
shift is the relevant one for phase estimation of sensitive (for example, 
biological) samples, wherein the goal is to pass as little light through 
the sample as is necessary. 

On the other hand, if A@,.; is taken to be the standard deviation— 
the usual measure of uncertainty—then Kitaev’s algorithm does not 
scale as 1/N. Rather, we have shown analytically that it asymptotes as 
J2 / VN, the same scaling as the standard quantum limit (SQL)—see 
also ref. 21. The broad wings of the distribution of phase estimates are 
not due to any deficiency in the estimation procedure—the quantum 
Fourier transform is optimal—but rather are a consequence of the 
sequence of phase shifts on the photons, 2%¢, 2“~ '4, ..., @. 
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Figure 1| Quantum circuit diagrams of Kitaev's phase estimation 
algorithm and our generalization. a, Kitaev’s algorithm’’ with the inverse 
quantum Fourier transform implemented with measurement and classical 
feedback’ and a random initial phase estimate 0. In general, K + 1 qubits 
yield K + 1 binary digits of precision; here K = 2. b, As in a, but here we 


A key idea to address this problem is to employ M copies of the 
control photon at each phase shift***°. For M> 1 one cannot per- 
form an exact quantum Fourier transform using only single-photon 
operations. However, one can perform it approximately using the 
adaptive phase estimation scheme of ref. 18, as shown in Fig. 1c for 
M = 2. Here the feedback phase is adjusted by an amount 60, con- 
trolled by all previous measurement results via a bayesian algorithm. 
This general multi-bit conditioning is represented by the circled-dot 
symbol in Fig. 1c. For the final adjustment, 50 = .., — 0, so the value 
of 0 that is read out is equal to ¢..,, the best estimate of the phase given 
all the data, as in Fig. 1b. Because the inverse quantum Fourier trans- 
form is not performed exactly, and because the sequence of phase 
shifts is not exactly equivalent to the optimal state of ref. 18, we do not 
expect es, to have an uncertainty precisely at the Heisenberg limit 
Adu = tan[n/(N + 2)] = n/N for N> 1 (refs 18, 28). Nevertheless, 
our algorithm allows estimation with an uncertainty only a constant 
factor larger than this ultimate limit, for M= 4. For instance, we find 
by numerical simulation that for M = 6, A@es = 1.56/N for N> 1. 

A conceptual implementation of this generalization of Kitaev’s 
algorithm is shown in Fig. 2. It works as follows: a photon is con- 
verted to the state a ({1)|0) +]0)|1)) by the first beam splitter. After 

F Kas . 
passing p = 2” times through the phase shift ¢, the state evolves to 
A (e'??|1)|0) + e?*|0)|1)). The photon is then detected after the 
modes are recombined on the second beam splitter. The result is used 
to update the probability distribution P(@), which represents know- 
ledge about @. 

This process is repeated M times, so that M independent photons 
go through 2* passes in sequence. Quantifying a resource as a single 
pass of a photon through the phase shift, each photon in this stage 
corresponds to 2* resources. Following these M photons, another M 
photons undergo the same process at p = 2“! passes, and so on for 
p=2%k~?, ..., 2° Thus a total of M(K+1) photons and N= 
M(2*!_1) resources are used. The value of the feedback phase 0 
is random for the first photon only. Thereafter it is chosen, based 
upon P (that is, upon all preceding results), to minimize the expected 
phase variance after the next detection’. 
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implement 6 (now called 6jnit) and the feedback operations by coupling the 
qubits to a common element, the ‘feedback phase’ 0 (the lowest rail). 

c, Generalization of the circuit to include M = 1 qubits for each binary digit; 
here K = 1 and M = 2. For details on circuit elements, see text. 


This bayesian control algorithm reduces to Kitaev’s algorithm for 
M = 1. We have shown analytically that this algorithm gives a stand- 
ard deviation of estimates scaling as the SQL for M= 2 as well as 
M = 1, but numerical simulations (for N up to 4 X 10° and M up to 
8) demonstrate a Heisenberg-limited scaling for M= 4. 

We note that a single photon with p passes through the unknown 
phase shift is operationally equivalent to a NOON state with n= p 


It) Ye (A)10) + [0)11)) Je (©P*I1)10) + ePAl0)]1)) 


Processor 


Figure 2 | Conceptual diagram of the algorithm's implementation as a 
Mach-Zehnder interferometer. This is equivalent to the scheme in Fig. Ic. 
Photon-number quantum states are shown at key points. The first beam 
splitter implements the Hadamard operation on incident photons. The large 
phase-shift element is configured to implement a p¢@ phase shift on logical 
|1) states, with p adjustable (p = 8 shown). The small phase-shift element 
implements the adjustable p@ phase shift on logical |0) states. The final beam 
splitter and single photon detectors implement a o, measurement, which 
determines, via the processor, how to adjust @ before the next photon input. 
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photons, and involves exactly the same number of resources. A single 
NOON state such as this yields at most one bit of information’, and 
only about ¢ modulo 2n/n. It has been shown numerically”! that a 
sequence of NOON states, with 1 as well as 0 chosen adaptively, 
achieves Heisenberg-limited scaling, but only for N> 100. Our gen- 
eralized algorithm, which is simpler, can also be applied to NOON 
states, and directly achieves Heisenberg-limited scaling. Even if 
high-n NOON states could be produced, however, they require 
high-n photon-number-resolving detectors, and are proportionately 
more sensitive to detector inefficiency than single photons with 
multiple passes through the phase shift. 

We demonstrate our single-photon algorithm using a common- 
spatial-mode polarization interferometer, as shown in Fig. 3. 
Common-spatial-mode interferometers are used in many metrology 
tasks involving birefringent materials such as stress sensors, Faraday 
spectroscopy, and testing optical components, but we stress that our 
algorithm applies equally well to any interferometer. The two arms of 
the interferometer are the right-circular (|R)) and left-circular (|L)) 
polarization modes. The unknown phase ¢ is implemented as a 
birefringent half-wave plate. We test two versions of the algorithm: 
M = 1 (Kitaev’s algorithm), and M= 6 (chosen for its robustness). 
For each, we vary the number of resources N= M(2%*!— 1) by 
choosing different values for the maximum number of passes, 2%, 
with K € {0, 1, 2, 3, 4, 5}. We also measured the standard deviation 
for a non-adaptive or ‘standard’ estimation algorithm, using N single 
passes of the phase shift, with N chosen equal to the number of 
resources used for each of the M = 6 data points. In this case 0 was 
incremented non-adaptively” by n/N from one photon to the next, 
to ensure a sensitivity independent of ¢—Oinit. 

The experimental results are shown in Fig. 4, together with theor- 
etical calculations. The error bars are 95% confidence intervals deter- 
mined using a studentized bootstrap on a log scale*’. In general, the 
distributions have a large positive kurtosis which emphasizes the 
effect of outliers; our error calculation takes this into account to 
provide accurate error bars. Theoretical predictions assume 100% 
visibility. Experimentally, visibilities for p= 1 to 16 were high (all 
above 98.1% and typically above 99.6%). However the p = 32 case 
had slightly lower visibility (95.4%), leading to higher than expected 
standard deviations for the N= 378 case. This is primarily due to 


Figure 3 | Schematic of the experiment. Polarization modes replace the 
arms of the interferometer in Fig. 2, with phase shifts implemented by half- 
wave plates (HWPs). A photon experiences phase shifts between left- and 
right-circular polarizations by the feedback wave plate (p() and the 
unknown phase wave plate (#). The photon is selected by a mirror mounted 
on a motorized translation stage, discriminated in the horizontal/vertical 
polarization basis by a polarizing beam displacer (PBD), and passed through 
a 10-nm-bandwidth interference filter. It is then coupled into a multimode 
fibre and detected by a single-photon counting module (SPCM), completing 
the o,, measurement. PBS, polarizing beam splitter; QWP, quarter-wave 
plate. 
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Figure 4 | Standard deviations of distributions of phase estimates for 
varying numbers of resources N. We compare theoretical predictions 
(lines) and measured values (points, each representing 1,000 estimates) for 
standard phase estimation and our implementation of Kitaev’s (M = 1) and 
generalized Kitaev’s (M = 6) algorithms. Error bars denote 95% confidence 
intervals. Our algorithm clearly has a lower standard deviation in phase 
estimates than both the SQL and Kitaev’s algorithm (which has SQL scaling). 
For large N, the curve for the adaptive algorithm is parallel to the Heisenberg 
limit, with a small overhead factor of about 1.56. 


expansion of the beam, with consequent overlap of beams, leading to 
a small probability of measuring the photon after only 30 passes. 

The results of the non-adaptive phase estimation algorithm follow 
the SQL, as expected. We note that the standard deviations of the 
M = 1 (Kitaev’s) case also follow an SQL scaling. Most importantly, 
there is a clear Heisenberg scaling, Ad. « 1/N, of our adaptive 
multi-pass algorithm for M= 6. Our data are consistent with the 
predicted overhead factor of 1.56 relative to the asymptotic 
Heisenberg-limited standard deviation m/N. Despite this constant 
overhead, our phase estimates clearly surpass the SQL. For example, 
where we have demonstrated the use of 378 resources in our algo- 
rithm (corresponding to a maximum of 32 passes), 4,333 resources 
would be required using standard techniques to achieve the same 
uncertainty. 

We have introduced a new algorithm for phase estimation, gen- 
eralizing Kitaev’s algorithm, which requires no entanglement to 
achieve Heisenberg-limited scaling independent of #. Our algorithm 
uses single-photon Fock states, multiple passes and adaptive mea- 
surement. We have used our algorithm successfully to demonstrate 
the first measurement with Heisenberg-limited scaling. This tech- 
nique has promise for a wide range of metrology tasks, especially in 
the light of continued development of high-flux single photon 
sources and efficient detectors. 


METHODS SUMMARY 

Interferometer. A spontaneous parametric downconverter supplies pairs 
of single photons, one to the interferometer and one to an independent 
detector. The state after the polarizing beam splitter is (|R)+|L))/V2, 
equivalent to the logical state H|O). A photon passing through the 50-mm- 
diameter # phase shift half-wave plate undergoes a polarization rotation: 
wall) + |L))> wa ([R) +e |L)) for a half-wave plate setting of $/4. Two 50- 
mm_-diameter murrors are placed on either side, allowing a single photon to pass 
hrough the half-wave plate multiple times. To correct the unwanted m-phase 
shift (in the |H)1| V) basis) on reflection, a quarter-wave plate, set to its optic axis, 
is inserted before each of the large mirrors. The feedback phase is implemented as 
another half-wave plate mounted in a computer-controlled rotation stage before 
he unknown phase and mirrors. We use a fixed phase ¢, but the use of a 
uniformly distributed random initial feedback phase is equivalent to performing 
he protocol over the full range of system phases, ¢ © [0, 2m). Mirrors on com- 
puter-controlled translation stages are used to select the 2th pass for each value 
of k. Measurement is performed in the horizontal/vertical basis, corresponding 
© a 0, Measurement, with a high-contrast-ratio calcite polarizing beam displa- 
cer. The two outputs of the beam displacer, filtered with 10-nm-bandwidth 
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filters to reject background light, are sent to single photon counting modules. A 
successful measurement is heralded by a coincidence between the directly 
detected photon and either output detector. 

Statistics for phase. For a phase ¢ with distribution P, an appropriate measure of 
error in the estimate #5: is (cos(@ —gst)) p- — 1. This achieves its minimum, the 
Holevo variance Vy (ref. 28), for Pest = arg((exp(i))p), which is the estimate we 
use. When applied to a phase, the terms variance and standard deviation are to be 
understood as Viz and \/Vi respectively. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Source. Our type-I BiBO (bismuth borate) spontaneous parametric down- 
conversion source is pumped by a  frequency-doubled mode-locked 
Ti:sapphire laser, producing pairs of 820-nm, 2-nm-bandwidth single photons 
in the state | HH). One photon is guided to the experiment through a single-mode 
optical fibre, the other is guided straight to a single-photon counting module. A 
successful measurement is heralded by a coincidence between the directly 
detected photon and either of the output detectors—coincidence detection 
reduces background and dark counts, ensuring high-fidelity conditional single 
photons in the experiment. 
Quarter-wave plate setting. For logistical reasons, we use 25-mm-diameter 
quarter-wave plates for most experiments, but 50-mm-diameter wave plates 
for the K=5 cases. The wave plates are nominally identical except for their 
diameter. The quarter-wave plates did introduce a technical challenge: because 
of the large-diameter optics, and the need to use all of the clear aperture to obtain 
multiple reflections, we used mountings that did not allow easy calibration and 
adjustment of the quarter-wave plates. This in turn led to small additional phase 
shifts from the quarter-wave plates that were dependent upon the number of 
passes. This problem is easily modelled and is not fundamental. 
Analytic solutions. For the cases M= 1 (Kitaev) and M= 2 of our algorithm 
we have shown analytically that the variance scales as the SQL, by solving the 
adaptive scheme exactly, using the formulae in ref. 18. The exact results for the 
variances are 2/N + 1/N* and 2/N respectively. 
Error calculation. The 95% confidence intervals shown were determined using a 
studentized bootstrap on a log scale. The bootstrap is a method of determining 
confidence intervals without making assumptions about the form of the under- 
lying distribution”. The data are used as a model of the underlying distribution, 
and confidence intervals for the quantity of interest are estimated by sampling 
from this distribution. That is, a number of subsamples equal to the size of the 
data set, m, is obtained, and an estimate of the quantity of interest is determined 
from this set of subsamples. A large number of bootstrap samples are used (in our 
case 10°—1), where each sample is an estimate of the quantity of interest based on 
the set of m subsamples. The distribution obtained for the quantity of interest is 
then used to determine a confidence interval, as described on page 199 of ref. 30. 
For accuracy, the quantity of interest should have an uncertainty which is 
independent of the value of the quantity. As the uncertainty in an estimate of 
variance is approximately proportional to the variance, taking the logarithm of 
the variance yields a quantity with constant uncertainty (as is done, for example, 
in ref. 31). The studentized bootstrap yields additional accuracy, and involves 
normalizing by the estimated uncertainty in the quantity of interest*°. We have 
used both the log scale and the studentized bootstrap to obtain accurate error 
bars. 


31. Schenker, N. Qualms about bootstrap confidence intervals. J. Am. Stat. Assoc. 80, 
360-361 (1985). 
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‘Trapped rainbow’ storage of light in metamaterials 


Kosmas L. Tsakmakidis’, Allan D. Boardman? & Ortwin Hess’ 


Light usually propagates inside transparent materials in well 
known ways’. However, recent research”* has examined the pos- 
sibility of modifying the way the light travels by taking a normal 
transparent dielectric and inserting tiny metallic inclusions of 
various shapes and arrangements. As light passes through these 
structures, oscillating electric currents are set up that generate 
electromagnetic field moments; these can lead to dramatic effects 
on the light propagation, such as negative refraction. Possible 
applications include lenses that break traditional diffraction lim- 
its** and ‘invisibility cloaks’ (refs 5, 6). Significantly less research 
has focused on the potential of such structures for slowing, trap- 
ping and releasing light signals. Here we demonstrate theoretically 
that an axially varying heterostructure with a metamaterial core of 
negative refractive index can be used to efficiently and coherently 
bring light to a complete standstill. In contrast to previous 
approaches for decelerating and storing light’, the present 
scheme simultaneously allows for high in-coupling efficiencies 
and broadband, room-temperature operation. Surprisingly, our 
analysis reveals a critical point at which the effective thickness 
of the waveguide is reduced to zero, preventing the light wave from 
propagating further. At this point, the light ray is permanently 


trapped, its trajectory forming a double light-cone that we call 
an ‘optical clepsydra’. Each frequency component of the wave 
packet is stopped at a different guide thickness, leading to the 
spatial separation of its spectrum and the formation of a ‘trapped 
rainbow. Our results bridge the gap between two important 
contemporary realms of science—metamaterials and slow light. 
Combined investigations may lead to applications in optical 
data processing and storage or the realization of quantum optical 
memories. 

For decades scientists maintained that'* “optical data cannot be 
stored statically and must be processed and switched on the fly”. The 
reason for this conclusion was that stopping and storing an optical 
signal by dramatically reducing the speed of light itself was thought to 
be infeasible. Undeniably, the absence of any form of interaction 
between photons and other elementary particles, as well as their 
enormous speed, makes it excessively difficult to confine them to a 
finite volume by reducing their velocity down to zero. However, in 
recent years a series of discoveries contributed towards annulling 
such assertions and proved conclusively that it is, indeed, possible 
to bring light to a complete standstill. Amongst others, electro- 
magnetically induced transparency’, quantum-dot semiconductor 
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Figure 1| Trapped rainbow. Different frequency components of a guided 
wave packet stop at correspondingly different thicknesses inside a tapered 
left-handed heterostructure (LHH). a, The thick open arrows reveal the 
direction of power flow propagation (P;;,7), while the thin black arrows show 
the direction of phase propagation (/). The numbering of the layers follows 
the magnitude of the corresponding refractive indices—that is, in both 
heterostructures, the middle layer (1) has the highest magnitude of refractive 
index, followed by the lower layer (2) and, last, by the upper layer (3). A 
guided wave packet is efficiently injected from the ordinary waveguide to the 
LHH (see also Fig. 4), inside which it propagates smoothly owing to the slow 
(adiabatic) reduction in the thickness of the core. The smallest (red) 
frequency components of the wave are stopped at the smallest core 
thicknesses of the LHH, while the largest (blue) components stop at 
correspondingly larger core thicknesses. Thereby, the spectrum of the 
oscillatory field will be spatially decomposed into its frequency constituents. 


Negative refractive index tapered waveguide 


After it is trapped, a light ray can be released by locally tuning in real-time the 
microphotonic structure*”*’ to perturb the repeating ‘optical clepsydra’ 
pattern of the ray (Fig 3b—e), and by reversely adiabatically tapering the LHH 
back to the wide thickness point, which can be impedance-matched to an 
out-coupling RHH (see Fig. 4). The path of the forward propagating ray 
inside the reversely tapered LHH (RT-LHH) will be the mirror image of a 
corresponding backwards propagating ray inside the depicted LHH. From 
the law of reversibility of the light rays, one then sees that the forward 
propagating ray inside the RT-LHH, after it has traced its dual path, will 
reach the wide-thickness end of the structure and will enter the out-coupling 
RHH with minimal reflection, just as light was initially injected from the in- 
coupling RHH to our tapered LHH. b, An example of the dependence of the 
‘critical’ thicknesses of the LHH on the spectrum of the wave packet. The 
optogeometric parameters used in this example are those of Fig. 2. 
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optical amplifiers*, photonic crystals”’’, coherent population oscilla- 


tions’®, stimulated Brillouin scattering'' and surface plasmon polar- 
itons’*"* in metallodielectric waveguides have been proposed as 
means of producing ‘slow light’. However, so far most of these meth- 
ods bear inherent limitations that may hinder their practical deploy- 
ment. For instance, electromagnetically induced transparency uses 
ultracold atomic gases and not solid state materials, quantum-dot 
semiconductor optical amplifiers usually allow for only modest 
delays (but for potentially ultra-broadband light pulses), coherent 
population oscillations and stimulated Brillouin scattering are very 
narrowband owing to the narrow transparency window of the former 
and the narrow Brillouin gain bandwidth (around 30 MHz in stand- 
ard single-mode optical fibres) of the latter, and surface plasmon 
polaritons are very sensitive to surface roughness and are relatively 
difficult to excite. Photonic crystals are normally highly multimo- 
dal’°; this, combined with the strong impedance mismatch in the 
‘slow-light regime’, makes it overly difficult to launch the incoming 
light energy to a single, slow mode alone”®. 

During the same period and in parallel with the above advances, a 
different, wide-ranging realm of contemporary research has also been 
developing. It largely followed from a sequence of works by Pendry, 
Smith and co-workers, in which they proposed practical means for 
realizing negative refractive index metamaterials'” and meticulously 
demonstrated their operation’’. These materials offer a new perspec- 
tive to the optical world and provide additional degrees of freedom in 
the design of photonic devices’, thereby allowing unprecedented 
control over the flow of light. A ‘perfect’ lens’, highly anisotropic 
electromagnetic ‘cloaks’ that render objects invisible to incident 
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Figure 2 | Wave propagation in an axially varying LHH. The optical 
parameters of the structure are a =—5, es = 2.56, te = 2.25, 
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radiation’, as well as focusing of electron de Broglie waves by sharp 
p-n junctions in graphene’, are a few characteristic examples. 
Moreover, there is now compelling evidence that, by building on 
familiar transmission-line concepts borrowed from microwave ana- 
lysis, such materials can be designed to exhibit broadband negative- 
index behaviour and relative robustness to losses, all through the 
microwave region and up to the ultraviolet”*' domain. 

In this work, we bring together the realms of metamaterials and 
slow light as a result of studying the physics associated with wave 
propagation in slowly, spatially varying negative-index heterostruc- 
tures. To gain an insight into the physics of the problem at hand, let us 
for a moment imagine a ray of light propagating in a zigzag fashion 
along a waveguide with a negative-index (‘left-handed’) core. The ray 
experiences negative Goos-Hanchen lateral displacements” each time 
it strikes the interfaces of the core with the positive-index (‘right- 
handed’) claddings. Accordingly, the cross points of the incident 
and reflected rays will sit inside the left-handed core and the effective 
thickness of the guide will be smaller than its natural thickness (see 
below). It is reasonable to expect that by gradually reducing the core 
physical thickness, the effective thickness of the guide will eventually 
vanish. Obviously, beyond that point the ray will not be able to prop- 
agate further down, and will effectively be trapped inside the left- 
handed heterostructure (LHH). For non-radiative trapping of the 
ray, we hope that the point where the effective thickness vanishes will 
not occur below the lower cut-off frequency of the guide. If this con- 
dition is fulfilled, then one of the frequencies of a guided wave packet 
will be completely arrested. The arresting points for the other fre- 
quency components will be continuously spaced out. Thereby, one 


assumed to be unaffected by the negligibly small reflections from the 
approaching media interfaces. The group velocity of the wave is parallel to 
the total power flow P;5’, while the phase velocity is parallel to the 
longitudinal propagation constant /. b, The evolution of the 
(discontinuous) time-averaged power flow**”® <S,> = [f/(2@ége;)] X |H, 
from the wide-thickness end (blue line) to the ‘critical’ thickness (red line). 
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will in principle have a means of stopping light in its tracks and storing 
it indefinitely, without radiation, over a whole range of frequencies. 
Such an approach will also be totally immune to atomic decoherence 
effects” and will not require atomic media or group index resonances. 

In the following, we show that efficient, broadband, non-radiative 
storage of light can be realized inside an LHH. We consider an axially 
non-uniform, linearly tapered, planar waveguide with a core of iso- 
tropic and homogeneous negative-index metamaterial, bounded 
asymmetrically by two positive-index media, as illustrated in Fig. la. 
The simultaneous negativeness of the permittivity ¢ and permeability ju 
in the left-handed core allows for the existence of efficiently excitable 
(oscillatory) waveguide modes”, which are not supported by single- 
negative plasmonic structures. We arrange the variation of the core 
half-thickness « with distance z to be appropriately slow” (adiabatic), 
da/dz< 0.05 X min{(ako) X (Mere — Mere3)/(27)}, with ako being the 
reduced guide thickness, ko the free space wavenumber and nere2, Nete3 
the effective indices of the second- and third-order oscillatory modes™, 
so that the power ofa local mode is conserved along the structure. One 
may then analytically show (see Supplementary Information) that the 
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electromagnetic fields at a position z, are given by: 


z=0 


G(x,y,21,t) = F(z;)g(x,y,B(z:))exp [ S- B(z)Az—iw | (1) 


Here, G=E or H, g is the solution to the E- or H-field vector wave 
equation for z= z, f is the longitudinal propagation constant, « is the 
wave angular frequency and Fis an appropriate factor, which carries all 
the information about the mode energy conservation and is calculated as: 


(2) 


F=20,U ; coeo|éra|Pist 2 

aB(W3 + 02U*)O 
where o;=€3/|&1|, &3 and &, are the relative permittivities of 
the upper (3) and middle (1) layers, respectively, U=ak and 
W; = ay are the reduced transverse and upper-layer decay constants, 
respectively (« and y3 are the corresponding unnormalized constants), 
Per =|Pi|+|P2|+|P3| is the conserved total time-averaged power 
flow, with P; (i= 1, 2, 3) being the time-averaged power flow in layer 
i, propagating in the increasing z direction, and: 


p, U?-Wi a, U*—W; 
W2 W3+2U2 W3 W3+02U? 


O=24 (3) 
with p, = &)2/|€1| and W = ay, being the reduced decay constant in the 
lower layer (2 is the corresponding unnormalized decay constant for the 
lower layer). 

One can judiciously choose the optical parameters of the LHH to 
facilitate total suppression of all surface polariton modes—that is, the 
minimum thickness of the core layer can be chosen to be above the 
upper cut-off of the parasitic surface polariton mode, so that only oscil- 
latory guided modes may exist”®. For such a structure, Fig. 1b illustrates 
an example of ‘critical’ guide thicknesses within which a wave packet, 
having a spectrum centred at 1 THz, can be completely stopped. Further, 
Fig. 2 furnishes ab initio calculations, following the previously outlined 
methodology, of the propagating, monochromatic, p-polarized mag- 
netic-field component at a time instant t=0. We find that the 


Figure 3 | Ray analysis reveals that the effective left-handed guide 
thickness is smaller than the physical thickness and can become zero or 
even negative. a, Variations of normalized effective guide thickness to¢/a 
(solid blue line), conserved — P<°" (dotted green line) and forward P;5? 
(solid red line) total time-averaged power flow with the reduced guide 
thickness ~kp. The forward component (red) of the conserved power flow 
(green) gradually decreases in magnitude, until it becomes exactly zero at the 
critical core thickness. At this point, the effective thickness of the LHH also 
vanishes. For larger guide thicknesses, tar/o tends asymptotically to the value 
of 2. The insets associate characteristic regions of P,*7 with the ray analysis 
results shown in c-e. In b-e, a ray of light (black), which here signifies power 
propagation, hits the media interfaces with an angle 6 while propagating 
down the waveguide, and experiences a Goos-Hanchen lateral displacement. 
The black dotted arrows denote the evanescent field power flow from the 
optically denser core to the rarer claddings”’. In a normal dielectric 
waveguide*>”* (b), the Goos-Hanchen phase shifts are positive, the core 
appears to extend (dotted orange lines) inside the cladding layers and the 
effective guide thickness is always larger than the physical core thickness 2a. 
In the slowly varying LHH case (c-e), the thickness of the core remains 
practically constant over many ray periods owing to the slow variation 
criterion. Here, the ray experiences a negative, that is antiparallel to P;*7, 
later displacement originating from the reversed power flow from the core to 
the claddings and the associated negative Goos-Hanchen phase shift. The 
two cladding layers now appear to extend inside the core layer (dotted blue 
and dotted green lines in ¢, e). In ¢, the shifts are relatively small, such that 
X12 + x13 < 2a. Accordingly, the ray (blue) is effectively confined in the 
middle region of thickness f.¢, by repeatedly bouncing off points A and B. 
For an appropriate choice of optogeometric parameters (d), the two phase 
shifts can become such that x; + x;3 = 2« exactly. In this case, t.¢¢ vanishes 
and the ray becomes permanently trapped, forming a double light cone 
(‘optical clepsydra’). For even larger, compared to the ray period, later 
displacements (e), ter becomes negative; the ray is still guided in the middle 
region of thickness | t.,-|, but now is forward-propagating, that is, the 
direction of phase propagation is parallel to the direction of power flow. 
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magnitude of the total time-averaged power flow propagating in the 
positive +z direction, Pt? =1/2 pee Re(E x H*),dx, gradually drops 
off until it totally peters out (Figs 2b and 3a), even though PS" is 
conserved along the non-uniform waveguide. Accordingly, one dis- 
covers that while the guided oscillatory fields propagate along the struc- 
ture, with their phase (v,,,) and group (vz) velocities being antiparallel, 
the group and energy (vg) velocities”’ progressively decrease, eventually 
becoming zero at a ‘critical’, pre-determined, guide thickness. At this 
point, the fields are slowly spatially compressed and amassed”’, with 
their total amplitude increasing by a factor of 4 for the present set of 
optogeometric parameters. The exponentially decaying extension of the 
field inside the lower positive-index layer (medium 3) also progressively 
increases, as anticipated. Note that in a normal dielectric waveguide the 
monochromatic oscillatory field would have been reflected and radiated 
off at the guide cut-off thickness. In that case, an increase in the total 
amplitude of the field would have been the result of interference between 
the two light waves propagating in opposite directions. In the present 
LHH case, however, the wave travels solely in the positive z direction and 
completely stops upon reaching the ‘critical’ guide thickness; hence, 
neither reflection nor radiation or interference occur. 

The trapping of light is more intuitively recognized by tracing the 
trajectory of a light ray inside the core for guide thicknesses nearly 
equal to the critical one mentioned above (see Fig. 3). Recall that the 
variation of the core refractive index with distance z is much smaller 
than the ray half-period z,,, so that locally the guide appears practi- 
cally uniform. Let us assume that the light ray arrives at the 1-3 media 
interface of the LHH with an angle 0 (Fig. 3c—e). Following reflection 
from this interface, the ray experiences a Goos-Hanchen phase shift** 
Opi3 = ~2tan ‘{W3/(a,U)], which is equal in magnitude but opposite 
in sign to the shift of the corresponding positive-index case. Detailed 
calculations then reveal that the distance x,)3 between the cross point 
A of the two rays (Fig. 3c-e) and the 1-3 media interface is (see 
Supplementary Information)  xp13=(%0,V3)/[W3(W3+02U°)], 
where V3 =U? +4 W3. Likewise, the distance x,)> between point B 
and the 1-2 interface is xpi. =(ap,V3)/[W2(W5 + 2U’)], where 
V3 =U*+ W3. One is, thus, led to discern (Fig. 3c, blue line) that 
the light ray is effectively altogether confined within the middle region 
of thickness ft.¢¢ wherein it repeatedly bounces off points A and B. 

We argue that tog = 20% — Xp12—Xpi3 is the effective thickness of the 
left-handed waveguiding heterostructure. This conclusion is strongly 
supported by the preceding remarks concerning the ray trajectory, 
and can be formally established by noting that the total time- 
averaged power flow P,i7 can be directly linked to te through the 
following relation (see Supplementary Information): 
pt2 = {EH ter (4) 


tot 


where EY“ and H a are the maximum values of the E,- and H,-field 


components in the guide, respectively. The similarities between equa- 
tion (4) and its counterpart in the case of conventional, right-handed 
heterostructures (RHH)”,, allow one to conclusively infer that tog, as 
defined in equation (4) is, indeed, the effective thickness of the LHH. 
However, in stark contrast to conventional waveguides, fer is here 
always smaller than the physical thickness of the core, and can 
become zero (Fig. 3d) or even negative (Fig. 3e). When feg¢ becomes 
negative, we deduce from equation (4) that P;57 and £ become par- 
allel; thereby, the corresponding guided mode will be a forward- 
propagating one. Interestingly, on the basis of Fig. 3a and equation 
(4) we infer that for a particular value of the guide’s physical thickness 
2a, the effective thickness vanishes. In this case, the lateral shifts x»12, 
Xp13 experienced by the ray upon reflection from the two interfaces 
are such that xp) + xp13 = 2a exactly. For the aforementioned ‘crit- 
ical’ physical thickness, the light ray is permanently trapped inside 
the LHH, being unable to propagate further down. From Fig. 3d we 
see that in this case the trajectory of the ray forms a double light-cone. 
In view of its characteristic hourglass form, we will call it the ‘optical 
clepsydra’. 
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Following a similar course of analysis, we discover that for differ- 
ent excitation frequencies the guided oscillatory fields stop at 
correspondingly different guide thicknesses. Accordingly, a guided 
electromagnetic wave packet can be altogether trapped within a fixed 
area, spanning a continuous range of guide thicknesses. The leading 
(trailing) part of the pulse, composed of the smallest (highest) fre- 
quencies (Fig. 3a), stops at the smallest (highest) guide thicknesses. 
Thereby, in the small-intensity, linear case—in which the propagat- 
ing spectral power densities of a ‘white’ wave packet do not couple’, 
and the guided field is a linear, weighted sum of its single frequency 
constituents—the ‘red’ and ‘blue’ components of the field will be 
spatially separated (Fig. 1). This is similar to the separation of the 
colours of the visible spectrum and the appearance ofa rainbow when 
sunlight illuminates a transparent prism or falling water droplets. For 
this reason, we shall henceforth call the stopping and storing of light 
in such LHHs the ‘trapped rainbow effect. 

A critical characteristic of the axially varying LHH is that further 
away from the point where the trapping of the light beam is arranged 
to occur (that is, for larger guide thicknesses) it is possible to achieve 
complete impedance matching with a dielectric waveguide. We recall 
that for waveguide structures, the characteristic impedance is defined 
as Z}’ =(VoV3)/(2P;57), where Vo is a ‘voltage’ defined as the line 
integral of the electric field along some path, which starts from below 
the lower interface and ends amply above the upper one”. Figure 4 
illustrates the variation with reduced guide thickness of the analyt- 
ically calculated (see Supplementary Information) ordinary and left- 
handed waveguide characteristic impedances. At a point sufficiently 
far from the ‘critical’ thickness of the LHH, its characteristic imped- 
ance becomes equal to that of a normal waveguide. At this point 
(~12.76 ako in our case) the two structures also have equal thick- 
nesses. Moreover, the spatial distribution of the guided field at the 
wide end of the LHH (Fig. 4 inset, red line) closely matches the field 
distribution of a single-mode optical waveguide. Accordingly, a light 
wave launched from a dielectric guide to a wide-thickness LHH 
will experience minimal reflection, mainly owing to minute mode- 
mismatch, which can be further adjusted and optimized at will. 
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Figure 4 | Honed conditions for waveguide coupling, showing 
simultaneous impedance, thickness and mode matching in adjoining RHH 
and LHHs. The optical parameters of the LHH are similar to those in Fig. 2. 
For the RHH we have ef! = 1.5625, 65 = 1.44, "= 1.21, 

RHH _ | RHH _ | RHH _ aces : , 
Hey) = My =H,3 =1. The characteristic impedance of the dielectric 
waveguide (blue) exhibits a dip at «ky ~ 4.53, after which it grows 
monotonically. A similar trend is found for the characteristic impedance of 
the LHH (red). Here, the minimum value occurs at a guide thickness 
aky ~ 0.89 and at the ‘critical’ LHH thickness it diverges. The two curves 
cross at «ko ~ 12.77. The inset shows the profile of the fundamental (blue) 
and second-order oscillatory” (red) mode of the dielectric waveguide and 
LHH, respectively, at the cross point. The darker the shaded region in the 
inset, the higher is the magnitude of the refractive index. 
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In summary, we have shown how guided electromagnetic fields 
can be brought efficiently to a complete standstill while travelling 
inside axially varying left-handed waveguiding heterostructures. The 
scheme invokes solid-state materials and, as such, is not subject to 
low-temperature or atomic coherence limitations. Moreover, it 
inherently allows for high in-coupling efficiencies and broadband 
function, as the deceleration of light does not rely on refractive index 
resonances. This ‘trapped rainbow method for storing photons 
opens the way to a multitude of hybrid, optoelectronic devices to 
be used in “quantum information’ processing, communication net- 
works and signal processors, and could lead to combined metama- 
terials and slow-light research. 
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Generation of single optical plasmons in metallic 
nanowires coupled to quantum dots 


A. V. Akimov!**, A. Mukherjee’*, C. L. Yu?*, D. E. Chang’, A. S. Zibrov’*, P. R. Hemmer®, H. Park’? & M. D. Lukin! 


Control over the interaction between single photons and individual 
optical emitters is an outstanding problem in quantum science 
and engineering. It is of interest for ultimate control over light 
quanta’, as well as for potential applications such as efficient 
photon collection’, single-photon switching’ and transistors’, and 
long-range optical coupling of quantum bits®®. Recently, sub- 
stantial advances have been made towards these goals, based on 
modifying photon fields around an emitter using high-finesse 
optical cavities****. Here we demonstrate a cavity-free, broadband 
approach for engineering photon—emitter interactions*” via sub- 
wavelength confinement of optical fields near metallic nano- 
structures’*"’, When a single CdSe quantum dot is optically 
excited in close proximity to a silver nanowire, emission from the 
quantum dot couples directly to guided surface plasmons in the 
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Figure 1| Radiative coupling of quantum dots to conducting nanowires. a, A 
coupled quantum dot can either spontaneously emit into free space or into the 
guided surface plasmons of the nanowire with respective rates I.,a Ip 

b, Theoretical dependence of the enhancement factor P (solid line) and 
efficiency of emission into surface plasmons (dashed line) on distance of the 
emitter from the nanowire edge. The red (blue) curve corresponds to a wire 
diameter of 100 nm (50 nm). ¢, Simulations of the electric field amplitude 
(arbitrary units) emitted by a dipole (blue filled circle) positioned 25 nm from 


nanowire, causing the wire’s ends to light up. Non-classical photon 
correlations between the emission from the quantum dot and the 
ends of the nanowire demonstrate that the latter stems from the 
generation of single, quantized plasmons. Results from a large 
number of devices show that efficient coupling is accompanied 
by more than 2.5-fold enhancement of the quantum dot spontan- 
eous emission, in good agreement with theoretical predictions. 
Surface plasmons, or surface plasmon polaritons, are propagating 
excitations of charge-density waves and their associated electromag- 
netic fields on the surface of a conductor’®. Much like the optical 
modes of a conventional dielectric fibre, a broad continuum of sur- 
face plasmon modes can be confined on a cylindrical metallic wire 
and guided along the wire axis'*’* (Fig. 1a). However, as opposed to 
dielectric waveguides'*”’, the thin wires can maintain propagation of 
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one end of a conducting nanowire (whose surface is outlined) 3 jum in length 
and 50 nm in diameter. The vertical scale (p) is enlarged compared to the 
horizontal (z) to clearly show the near field of the surface plasmons. Upon 
hitting the far end of the nanowire, some of the surface plasmon energy is clearly 
scattered into the far-field, while the remaining is either lost to dissipation or to 
back-reflection. 0, Emission angle. d, Amplitude of the Poynting vector of the 
light scattered from the far end of the nanowire, as a function of 0 (see ¢), for 
wires of diameter 100 nm (red curve), 50 nm (blue) and 25 nm (green). 
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surface plasmon modes localized transversely to dimensions com- 
parable to the wire diameter d, even when it is much smaller than the 
optical wavelength 1. This subwavelength localization is accompan- 
ied by a dramatic concentration of optical fields’”"'. In addition, the 
surface plasmon modes propagate with greatly reduced velocities 
because they involve the motion of charge-density waves”’*'*. 

The emission properties of a nanoscale optical emitter can be 
significantly modified by the proximity of a nanowire that supports 
surface plasmons. In principle, three distinct decay channels exist. 
First, direct optical emission into free-space modes is possible, with a 
rate modified from that of an isolated quantum dot owing to the 
proximity of the metallic surface’’. Second, the optical emitter can be 
damped non-radiatively owing to ohmic losses in the conductor'’. 
Last, and most importantly, the tight field confinement and reduced 
velocity of surface plasmons can cause the nanowire to capture the 
majority of spontaneous radiation into the guided surface plasmon 
modes’, much like a lens with extraordinarily high numerical aper- 
ture. For an optical emitter placed within the evanescent surface 
plasmon mode tail, the spontaneous emission rate into the surface 
plasmons? is proportional to (//d)*. In contrast, the free-space 
emission rate can be enhanced by at most a factor of four, whereas 
non-radiative damping becomes significant only for very small wire— 
emitter separation’. Thus, for an optimally placed emitter, the spon- 
taneous emission rate [7,) into surface plasmons can far exceed the 
radiative and non-radiative rates (I,aq and J yr, respectively), which 
results in highly efficient coupling to surface plasmons and enhance- 
ment of the total decay rate (I,ota1) compared to that of an uncoupled 
emitter (I). This enhancement can be characterized by a Purcell 
factor, P= I tota/Io, which for thin wires is predicted to be large’. 
We emphasize that this strong coupling is caused by the geometrical 
effect of tight confinement of the surface plasmons, and occurs far 
away from the plasmon resonance frequency of nanowires". It does 
not involve an optical cavity****, and can be achieved simulta- 
neously over a broad continuum of optical frequencies. 

Chemically synthesized CdSe quantum dots”’ placed proximally to 
silver nanowires comprise a simple experimental system to investi- 
gate the emitter—surface plasmon coupling. As illustrated in Fig. 1a, 
the spontaneous emission of a quantum dot is split between photon 
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Figure 2 | Experimental set-up. a, Three-channel confocal microscope with 
532 nm laser excitation source. b, Layout of sample containing quantum 
dots and nanowires. ¢c, Left, channel I: nanowire image. Middle, channel II: 
image of quantum dots. The red circle denotes the position of the coupled 
quantum dot, and the same point is also denoted in the leftmost image. 


LETTERS 


emission into free space, which can be detected by an optical micro- 
scope, and the excitation of surface plasmons (Ira is negligible for 
our chosen parameters, as described below). During propagation 
along the smooth nanowire, surface plasmons do not couple to the 
observable far-field modes of the surrounding dielectric. However, 
much like a conventional antenna, an abrupt end of the wire can 
scatter surface plasmons radiatively into far-field modes, thus facil- 
itating their detection using an optical microscope. A simulation of 
this effect is shown in Fig. 1c, where a quantum dot is placed 25 nm 
away from one wire end: whereas the surface plasmons decay evanes- 
cently away from the nanowire edge, substantial emission into free 
space results from surface plasmon scattering at the far end of the 
wire. Silver nanowires were prepared using a solution-phase polyol 
method with modifications for surface passivation” (Supplementary 
Information). The samples were created by spinning quantum dots 
onto a glass substrate, covering them with an ~30-nm layer of poly 
(methylmethacrylate) (PMMA; see Supplementary Information for 
detailed analysis of the PMMA layer), and then depositing dry wires 
on top. Finally, the sample was overcoated with a thick layer of 
PMMA. Scanning electron microscopy images revealed that the dia- 
meters of the silver nanowires were 102 + 24 nm (Supplementary 
Information). The closest allowed distance between the quantum 
dots and nanowires is determined by the thickness of the PMMA 
layer and the quantum dot shell radius (~5nm), and is ~35nm 
(Methods and Supplementary Information). The experimental set- 
up for studying the quantum dot—nanowire system (Fig. 2a) is based 
on a modified confocal microscope with three scanning channels. 
One channel (I) was used for imaging nanowires, and the second 
channel (II) was used for imaging quantum dots. The third channel 
(II), which can independently image any diffraction-limited spot 
within the field of view of the objective lens, was used to detect the 
scattered surface plasmons from the nanowire ends. 

In general, the coupling between an optical emitter and single 
surface plasmons should be stronger for thinner wires’ (Fig. 1b). 
However, for thinner wires, the out-coupling efficiency of surface 
plasmons to the far-field at the wire end decreases owing to a large 
wavevector mismatch. In this case, significant surface plasmon 
reflection at the nanowire ends causes standing surface plasmon wave 
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Right, channel III: the excitation laser was focused on the quantum dot (red 
circle). The largest bright spot corresponds to the quantum dot fluorescence, 
while two smaller spots correspond to surface plasmons scattered from the 
nanowire ends. The blue circle indicates the farthest end of the nanowire, 
used for photon cross-correlation measurements. 
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formation within the nanowire’ (Fig. 1c) and eventual energy loss 
due to heating (ohmic losses). The effect of nanowire diameter on 
out-coupling efficiency is illustrated in Fig. 1d, where the intensity of 
the scattered radiation from the wire end is plotted for different wire 
diameters. For a 25-nm nanowire, hardly any scattering is seen from 
the end despite the stronger coupling between the emitter and surface 
plasmons, but the scattering is significant for a 100-nm wire (this 
was verified experimentally by exciting surface plasmons directly 
with a laser focused at one wire end; Supplementary Information). 
Nanowires with d~ 100 nm exhibit both reasonable emitter—surface 
plasmon couplings and surface plasmon to far-field scattering, and 
thus were chosen for the experiments. The large bandwidth of the 
surface plasmon—emitter coupling enables us to perform the experi- 
ments at room temperature, where a single quantum dot spectral 
width exceeds 15 nm (Supplementary Information). 

Figure 2c presents an experimental demonstration of directed 
emission of a quantum dot into surface plasmons. The leftmost 
panel shows a confocal reflection image of a silver nanowire recorded 
with channel I. The middle panel corresponds to a fluorescence image 
of quantum dots detected at 655nm with channel II. These two 
images were used to determine the positions of the nanowire and 
quantum dot relative to each other. Owing to the resolution limit of 
our optical system, the actual distance between a quantum dot 
and the nanowire could not be determined, and only quantum 
dots that appear directly on top of a nanowire were chosen for 
experiment. The rightmost panel shows a coupled wire—dot system 
imaged with channel III. When the proximal quantum dot (circled 
in red) was excited by the laser, the nanowire ends literally lit up. 
The large spot around the red circle corresponds to emission from 
the quantum dot itself, whereas the two other points coincide with 
the wire ends. Significantly, a high degree of correlation was seen 
between the time traces of the fluorescence counts from the quantum 
dot and the end of the coupled wire (Fig. 3a). These observations 
indicate that the source of the fluorescence from the wire end is the 
quantum dot. 

Photon coincidence measurements’ of the quantum dots (Fig. 3b) 
demonstrate that these quantum dots can only emit a single photon 
at a time. In these measurements, the free-space fluorescence from 
the quantum dot was equally split into two channels using a beam 
splitter and detected by avalanche photo-diodes. The coincidences 
between two channels were recorded as a function of time delay t. If 
the quantum dot emits only one photon at a time it can only be 
recorded at one of the channels, and therefore zero coincidences 
are expected between the two channels at t = 0, as seen in Fig. 3b. 
The slight offset from zero can be attributed to stray light, dark 
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counts of the detectors and the resolution limit of the electronics 
(Supplementary Information). 

The light emission at the nanowire end is a result of single, quan- 
tized surface plasmons scattering off the ends of the nanowire. This is 
demonstrated in Fig. 3c by the dip at t = 0 in the photon coincidence 
measurements between the free-space fluorescence of the quantum 
dot and emission from the wire end. This near-zero coincidence is a 
consequence of the fact that the single photon emitted from a 
quantum dot can either radiate into free space or the surface plasmon 
modes, but never both simultaneously. 

Data presented in Fig. 3, along with measured count rates, can be 
used to quantify the coupling strength of the quantum dot to the 
surface plasmons. As this coupling creates a new decay channel for 
the quantum dot, its decay rate is expected to increase. To study 
this enhancement, observed coincidence data were fitted to a simple 
two-level model of quantum dot emission’! (Fig. 3b; see also 
Supplementary Information). The model incorporates an incoherent 
pumping rate R from the ground to an excited state of a quantum 
dot and a decay rate I’,,,4, back to the ground state. In this model, 
the temporal width of the anti-bunching dip is given by 
At=Inv2 / (R+J ota), where the excitation rate R is proportional 
to the incident power. Therefore, by extracting At from coincidence 
measurements as a function of incident laser power and extrapolating 
to R= 0, Iota can be obtained (Fig. 4a). 

The natural lifetimes of individual dots (20-30 ns) vary owing to 
the heterogeneity in their structures. However, a comparison of the 
lifetime distributions of 30 coupled and 100 uncoupled quantum 
dots (Fig. 4b) clearly demonstrates that statistically the lifetime 
(decay rate) of the exciton in coupled quantum dots is shortened 
(enhanced). The average lifetime of the coupled (uncoupled) 
quantum dots was found to be 13 + 4ns (22 +5ns). At the same 
time, the distribution for coupled quantum dots has a larger 
weight towards shorter lifetimes. Specifically, certain coupled and 
uncoupled quantum dots exhibited lifetimes as short as 6ns and 
15ns, respectively, indicating that P>2.5 is achieved for some 
coupled quantum dot—nanowire systems. The apparent efficiency 
of emission into the surface plasmons can be estimated by comparing 
the ratio of photon counts (m) obtained directly from the dot and 
from the wire ends, 4, ~ Menas/(Mdot + Nends)» and is found to be 
~27% for the best coupled quantum dot—nanowire system (Fig. 4c 
and Supplementary Information). This value does not account for 
the surface plasmons that are dissipated before they reach the wire 
ends. Correcting for the measured average absorption lengths in our 
nanowires allows us to deduce that the actual efficiency approaches 
n ~ 60 + 10% (Supplementary Information), directly demonstrating 
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Figure 3 | Demonstration of single surface plasmon generation. a, Time 
trace of fluorescence counts (red curve) from a coupled quantum dot and 
scattered light (blue) from the end of the coupled nanowire. Fluctuations are 
due to quantum dot blinking". b, Second-order correlation function G(r) 
of quantum dot fluorescence. The number of coincidences at t = 0 goes 
almost to zero, confirming that the quantum dot is a single-photon source. 
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The width of the dip depends on /;,,;a) and the pumping rate R as shown. 
c, Second-order cross-correlation function between fluorescence of the 
quantum dot and scattering from the nanowire end, obtained by 
coincidences between channel II (quantum dot) and channel III (wire end). 
The black and red traces in b, ¢ indicate experimental data and best fits, 
respectively. 
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very efficient coupling to surface plasmons. We note that this coupl- 
ing efficiency significantly exceeds that recently observed between 
atoms and dielectric nanofibres'*”’. 

The broadband nature of the strong coupling is demonstrated by 
comparing the optical spectra associated with emission from the 
quantum dot and from the wire end. For individual dots randomly 
drawn from an inhomogeneous ensemble with 4 = 655 + 15 nm, we 
find that both the quantum dot and wire-end emission exhibit ident- 
ical ~15-nm-wide spectra. This is consistent with the ability of 
metallic wires to guide a broad range of optical frequencies and 
with theoretical predictions (Supplementary Information) that 
strong coupling can be obtained for a broad continuum of frequen- 
cies away from the peak of the observed plasmon resonances’®. 

Further insight into the quantum dot-surface plasmon coupling 
can be obtained by comparing our experimental observations with 
detailed electrodynamic calculations’. Our model of quantum dot 
emission near a silver nanowire embedded in a dielectric medium 
includes losses as well as multiple surface plasmon modes. Figure 1b 
shows the total spontaneous emission rates and the efficiency 
1 = I’y/Tyotai for single surface plasmon generation as a function of 
quantum dot distance from the wire (d= 50 and 100 nm). Here the 
polarization of the quantum dot transition was selected to be radially 
oriented, because this direction is expected to yield the dominant 
contribution to enhancement. For quantum dots positioned 35 nm 
from the wire and for a 100 nm wire, the calculation yields a Purcell 
factor P~3.7. The lower enhancement observed experimentally 
can be attributed to the contributions from other polarizations and 
the random positioning of the quantum dots away from the wire. For 
this distance of separation, the non-radiative decay rate (Mina < 
0.051) is predicted to be negligible (Supplementary Fig. 10). In 
addition to enhanced emission into surface plasmon modes, our 
theory also predicts a moderate increase in the radiative emission 
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Figure 4 | Characterization of quantum dot-nanowire coupling. a, The 
linear dependence of G width on laser power (black filled circles) is 
extrapolated to zero power (red filled circle), yielding 7,14 of a quantum 
dot. The laser power is proportional to the incoherent pumping rate R of the 
dot. b, Normalized histograms of quantum dot lifetimes. The black (grey) 
bars denote the distribution of uncoupled (coupled) quantum dots. 
Overlapping parts of the histograms are indicated by outlined and vertically 
stacked bars. c, Average Purcell enhancement, P, versus PMMA thickness. 
Red line, average value of P. Height and width of grey bars indicate the 
standard deviations of P and PMMA thickness, respectively. d, Measured 
maximum and average efficiencies of emission into the surface plasmons 
versus PMMA thickness. Black (red) filled triangles, average (maximum) 
apparent coupling efficiencies 7,4, without compensating for surface 
plasmon losses. Red filled diamonds, maximum actual efficiency 7, after 
compensating for dissipation. Error bars in a, ¢, d indicate +1s.d. 
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rate, a well-known phenomenon for dipoles oriented perpendicularly 
to a metallic surface’. For 100nm wires and 35nm_ nanowire— 
quantum dot distances, the surface plasmon generation efficiency 
is theoretically estimated to be ~50%, which is consistent with our 
observations. 

Further comparison with theoretical predictions is obtained by 
repeating our observations with thicker PMMA layers (Fig. 4c, d). 
These measurements demonstrate that both enhancement and 
estimated coupling efficiency rapidly decrease as the minimum 
quantum dot—nanowire spacing increases, and become very small 
for PMMA thicknesses above 100 nm. These observations are also 
in good agreement with the above theoretical predictions. The large 
variances in the Purcell factors obtained for different devices are due 
primarily to variations in the distance between quantum dots and 
nanowires beyond the minimum allowed distance set by the PMMA 
layer thickness. 

The unique properties of nanoscale surface plasmons have recently 
been explored in a variety of fascinating systems, from transmission 
through subwavelength structures'' to biomedical devices'® and 
proposals for realizing ‘perfect’ lenses and invisibility cloaks’®. 
Enhancement of fluorescence**™, polarization-dependent coupl- 
ing’ and normal mode splitting”””* near subwavelength structures 
have also recently been observed. The present work extends these 
developments in two principal directions. First, we have shown 
experimentally and theoretically that the present approach results 
simultaneously in significant enhancement of surface plasmon emis- 
sion and efficient collection into guided modes propagating along a 
well-defined direction. Second, it establishes direct coupling between 
individual emitters and individual, quantized surface plasmons. It 
thus bridges the fields of nanoscale plasmonics and quantum optics, 
and opens up the possibility of using quantum optical techniques to 
achieve new levels of control over the interaction of single surface 
plasmons and to realize novel quantum plasmonic devices. 

In the current set-up, the benefits of using smaller wires must be 
balanced against poor out-coupling to free-space modes. However, 
this trade-off can be circumvented by using optimized geometries 
and evanescent out-coupling to mode-matched optical fibres?'®”’. 
The excellent coupling expected from these integrated systems can be 
used, for example, for efficient single-photon sources, high resolu- 
tion microscopy~””° and sensing”, or long-range quantum bit coupl- 
ing’. Furthermore, in such systems an individual emitter can be 
made optically opaque to single incident surface plasmons, which 
can be used to produce large optical nonlinearities for realization of 
single-photon transistors*. Beyond these specific applications, the 
ability to create and control individual quanta of current oscillating 
at optical frequencies and accompanied by guided radiation with 
subwavelength localization opens up intriguing new possibilities at 
the interface of optics and electronics. 


METHODS SUMMARY 


Samples were prepared by spin-coating a solution of chemically synthesized 
CdSe quantum dots (mixed with Na,B,O; and cysteine) onto a plasma-cleaned 
glass slide at 3,000 r.p.m. for 60s under a nitrogen atmosphere. Three minutes 
later, PMMA (1, 2 and 3 wt% in toluene for 30, 60 and 90 nm films) was spun on 
top at 6,000 r.p.m. for 60s. The quantum dots used do not dissolve in toluene 
and are unperturbed during the spin-coating process (experimentally, we find 
that the arrangement of quantum dots on the surface remains unchanged). A 
stamp with the modified silver nanowires was placed on top of the slide and 
pressed for a few seconds. The stamp was left there for 20 min and then gently 
peeled off, leaving nanowires on the PMMA. Finally, PMMA (2.2 wt%) was spun 
on top at 1,000r.p.m. for 60s (Fig. 2b). 

Our confocal microscope uses a c.w. 532 nm laser as the excitation source. It is 
focused onto the sample using a Nikon CFI Plan Fluor 100X oil immersion 
objective NA 1.3, while a mirror mounted on a galvanometer is used to scan the 
incoming beam. Channel II acts as a confocal microscope and is used to image 
single quantum dots, via fluorescence at 655 nm. Channel I is combined with 
channel II using a 90:10 beam splitter that directs part of the reflected laser light 
towards a detector and can be used to image the silver nanowires. Channel III is 
combined with the main set-up using a 50:50 beam splitter and is an independent 
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imaging system. It also includes a galvanometer which allows us to image any 
diffraction limited spot within the field of view to detect fluorescence at 655 nm. 
Additional details of our experimental set-up are provided in Supplementary 
Information. 
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Efficient organic carbon burial in the Bengal fan 
sustained by the Himalayan erosional system 


Valier Galy'+, Christian France-Lanord', Olivier Beyssac’, Pierre Faure’, Hermann Kudrass* & Fabien Palhol!’ 


Continental erosion controls atmospheric carbon dioxide levels 
on geological timescales through silicate weathering, riverine 
transport and subsequent burial of organic carbon in oceanic sedi- 
ments’. The efficiency of organic carbon deposition in sediment- 
ary basins is however limited by the organic carbon load capacity 
of the sediments and organic carbon oxidation in continental 
margins. At the global scale, previous studies have suggested that 
about 70 per cent of riverine organic carbon is returned to the 
atmosphere, such as in the Amazon basin’*. Here we present 
a comprehensive organic carbon budget for the Himalayan 
erosional system, including source rocks, river sediments and 
marine sediments buried in the Bengal fan. We show that organic 
carbon export is controlled by sediment properties, and that 
oxidative loss is negligible during transport and deposition to 
the ocean. Our results indicate that 70 to 85 per cent of the organic 
carbon is recent organic matter captured during transport, which 
serves as a net sink for atmospheric carbon dioxide. The amount of 
organic carbon deposited in the Bengal basin represents about 10 
to 20 per cent of the total terrestrial organic carbon buried in 
oceanic sediments. High erosion rates in the Himalayas generate 
high sedimentation rates and low oxygen availability in the Bay of 
Bengal that sustain the observed extreme organic carbon burial 
efficiency. Active orogenic systems generate enhanced physical 
erosion and the resulting organic carbon burial buffers atmo- 
spheric carbon dioxide levels, thereby exerting a negative feedback 
on climate over geological timescales. 

Photosynthesis of organic matter is a major pathway for consump- 
tion of atmospheric CO. Although most photosynthetic organic 
carbon (Co,,) is re-oxidized and returns to the atmosphere, a small 
fraction is buried in sedimentary basins and stored over geological 
timescales’. This burial represents the second largest atmospheric 
CO), sink (after silicate weathering coupled to carbonate precipita- 
tion) and contributes to long-term climate regulation’. Continental 
erosion exerts a primary control on C,, burial through sediment 
transport and detrital deposition in sedimentary basins. However, 
assessing the role of continental erosion in this part of the C cycle is 
complex, as several processes control its efficiency. First, Co, trans- 
ported by rivers is composed of both recent organic matter and fossil 
refractory C,,, derived from erosion of carbonaceous rocks. Erosion- 
burial of the latter has no effect on the long term C cycle and it is 
therefore necessary to determine its proportion. Second, it is gen- 
erally believed that ~70 % of Cy, exported by global rivers (for 
example, the Amazon) is oxidized in the continental margins before 
burial and thus returns to the atmosphere’ ~. Last, assessing the river- 
ine Corg flux is not straightforward, because the Co,, content of sedi- 
ment is highly variable owing to transport segregation processes. 
Understanding the impact of continental erosion on the Co,, cycle 


requires identification of the controls on the flux of riverine Co,¢, the 
proportion of rock-derived fossil C,,,. and the burial efficiency. 

Himalayan erosion generates the largest flux of sediments to the 
oceans. Today, this represents between 1 and 2 billion tons of 
sediments exported each year from the Himalayas through the 
Ganges-Brahmaputra (G-B) system and buried in the Bengal fan 
sedimentary unit”’. The total C,,, concentration (TOC) in G-B 
fluvial sediments was hitherto estimated using only surface 
suspended sediments and without correction for the fossil Co,¢ 
contribution'®''. Over the past 15 Myr, the Bengal fan has buried 
an average of about 0.6 X 10’? mol Corg YT ', that is, 15% of the 
global burial flux'*. The Himalayas are thus a key locality for isolating 
the role of major orogens on the C cycle. 

A major sample set covering the whole basin from the Himalayas 
to the distal part of the Bengal fan has been analysed for Co,¢, “Cand 
chemistry (Supplementary Tables 1 and 2). The two major rivers 
(Ganges and Brahmaputra) and their confluence (Lower Meghna) 
were sampled during three monsoon seasons when ~95% of the 
sediment flux is exported’* (Fig. 1, Methods). Bed loads and depth 
profiles of suspended sediments were collected to integrate the total 
sediment variability. Simultaneous Acoustic Doppler Current Profiler 
measurements were performed in order to characterize the hydro- 
dynamic conditions. The Bengal fan sedimentary units are documen- 
ted by subsurface sediments cored in the shelf, in the mid-fan active 
channel-levee system and in the distal part of the fan during RV Sonne 
cruise S093 in 1994" (Fig. 1). Detailed study of the modern rivers and 
their complements in the sedimentary record allows us to quantify: (1) 
the Himalayan C,,. flux, (2) the proportion of rock-derived fossil Co, 
and (3) the terrestrial C,,, burial efficiency. 

In the G-B system, sediments have a wide range of composition 
owing to differentiation during transport under hydrodynamic 
forces. Sediment concentrations increase, while flow velocities 
decrease, with depth (Supplementary Fig. 1). Suspended sediments 
are fine-grained and clay-rich in surface water, but become coarser 
and quartz-rich at depth; bed sediments are sandy and enriched in 
quartz. TOC varies from 0.03% to 0.82% and is remarkably well 
correlated with chemical composition; all G-B sediments define a 
positive correlation between TOC and Al/Si ratio (Fig. 2). This trend 
mostly expresses co-variation of TOC with grain size and mineralogy, 
as Al/Si increases with the proportion of aluminous and fine-grained 
minerals*. Individually, the Ganges, the Brahmaputra and the Lower 
Meghna define comparable trends, indicating identical C,,, loading 
(Fig. 2). In the G-B system, mineral particles and C,,, appear to have 
a similar response to hydrodynamic sorting, indicating a tight phy- 
sical association between these components, either at the grain scale 
(Cog sorption on minerals surfaces'*) or at larger scale (formation of 
Corg-mineral aggregates'®). A consequence of the gradient in TOC is 
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Bengal fan 


Figure 1| Map of the Himalayan system. Ganges, Brahmaputra and Lower 
Meghna (LM) were sampled in Bangladesh (open squares). The different 
parts of the Bengal fan were investigated using cores from cruise SO 93 (filled 
black circles and corresponding core numbers). The black line represents the 
modern active channel. 


that earlier estimates of C,,, fluxes based on surface suspended sedi- 
ment data were overestimated'®''. Thus, assessing the C,, flux 
requires the mean sediment composition transported by the river 
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Figure 2 | TOC of riverine sediments as a function of their Al/Si ratio. 
Filled grey symbols, Brahmaputra; open symbols, Ganges; filled black 
symbols, Lower Meghna. TOC is very low in the sandy and quartz-enriched 
bed sediments (circles). In the suspended sediments (squares), TOC linearly 
increases with the relative proportion of aluminous fine-grained minerals. 
Sediments from the three rivers define comparable positive trends, 
indicating they have similar C,,, loading relative to their composition. Best 
fit (solid line) and 95% confidence interval (dashed lines) are shown for 
Lower Meghna sediments. 
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to be calculated. With our data, the integrated suspended sediment 
TOC can be estimated by integrating TOC gradient, sediment con- 
centration and flow velocity over the whole river depth. For the 
Lower Meghna before its discharge into the Bay of Bengal (Fig. 1), 
we calculate an integrated TOC of 0.41 + 0.04%. In comparison, bed 
sediments have low TOC with an average value of 0.05%, consistent 
with their high proportion of quartz. 

Co,, transported by rivers is a mix of inherited fossil Co,¢ (FCo,) 
derived from erosion of carbonaceous rocks, and different sources of 
recent Corg (RCo;,) that include pre-aged soil C,,, and fresh plant 
debris. As FC,,, burial has no effect on the long-term atmospheric 
CO, content, its proportion must be determined. We measured '*C 
concentrations of acid-insoluble C,,, composed of FC,,, that has no 
MC (AMC = —1,000%o) and RCo, that is enriched in "C (ref. 17). 
AC ranges from —814%o to —215%bo (13.4 to 2.0 kyr) and co-varies 
with TOC; Ganges, Brahmaputra and Lower Meghna sediments 
define independent but similar trends. This reflects mixing between 
bed sediments dominated by FC, and surface suspended sediments 
dominated by RC ,, (Fig. 3). The RCorg A'C is unknown, as it is 
derived from sources of variable ages. Surface suspended sediments 
constrain minimum AC values for the RC org of each river. AMC of 
RC, must be higher, as FC,,, has been detected in these surface 
sediments by optical and Raman spectroscopy methods (Supple- 
mentary Figs 3 and 4, Supplementary Discussion). Therefore, the 
highest measured A'“C sets the minimum FCorg to 14% in average 
suspended sediment and 42% in bed sediment. On the basis of 
Himalayan river gravel and bedrock'®’*'* data (Supplementary 
Table 1, Supplementary Fig. 2), average C,, content in the source 
rocks is between 0.05% and 0.08%. Using the TOC versus Al/Si 
relationship (Fig. 2) and assuming there is no fossil C,,, oxidation 
during erosion and transport, we can limit the maximum proportion 
of FC, to 20% in average suspended sediment and to 100% in 
bed sediment. Combining the C,,, content in source rocks with 
A'C constraints, we conservatively estimate that FC... represents 
10-20% of TOC in suspended sediments and 40-100% of TOC in 
bed sediments. 
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Figure 3 | Radiocarbon composition of acid-insoluble C,,, extracted from 
riverine depth profile sediments as a function of 1/TOC. Filled grey 
symbols, Brahmaputra; open symbols, Ganges; and filled black symbols, 
Lower Meghna. Circles, monsoon 2002; squares, monsoon 2004; diamonds, 
monsoon 2005. Sediments from each river define a mixing trend between 
bed sediment dominated by aged C,,, and suspended sediments with higher 
TOC and dominated by modern C,,,. Maximum 2¢ uncertainties on AMG 
and TOC are respectively 5%o and 0.03%. 
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Suspended sediment fluxes have been measured for the Ganges 
and the Brahmaputra, and the average total flux is around 
1X 10° tyr! (ref. 13). The flux of bed sediment is not directly mea- 
sured, but geochemical mass balance implies that bed sediment flux 
plus floodplain sequestration are almost equal to the suspended sedi- 
ment flux*. Taking into account these sediment fluxes, we estimate 
that the G-B system delivers (3.1 + 0.3) X 10!' mol yr! of RCo: to 
the Bay of Bengal. 

Quantifying the corresponding CO, uptake requires determina- 
tion of the proportion of this RC,,, that is preserved and effectively 
buried in the Bengal fan. Sediment delivery to the Bengal delta shelf 
and active channel-levee system™, which directly reflects the input of 
the G-B and their sources, has been stable over the past 20 kyr, as 
shown by constant Sr and Nd isotopic ratios’. In these sediments, 
TOC and AI/Si define a positive linear correlation statistically identi- 
cal to that defined by G-B sediments (Fig. 4). It indicates similar Co,¢ 
loads for river and marine sediments. The relative abundances of 
terrestrial and marine biomarkers as well as their stable isotopic 
compositions show that C,,, is largely dominated by terrestrial mat- 
ter (Supplementary Table 3, Supplementary Fig. 5, Supplementary 
Discussion), as already observed for ancient Bengal fan sedi- 
ments”, Therefore, the terrestrial C,,¢ loading of Bengal fan sedi- 
ments roughly equals that of G-B river sediments. The Bengal fan 
appears to be able to preserve and bury terrestrial C,,, that is 
exported by the G-B system. This strongly contrasts with other active 
margins where the burial efficiency is much lower and limited to 
~30% (refs 2-4). 

This extreme burial efficiency probably derives from the transport 
dynamic, with rapid sediment accumulation on the delta shelf (up to 
30cm yr; ref. 23). In shallow water, where Co,, oxidation is the- 
oretically most efficient, C,,, is protected from oxidation by quick 
burial under a thick layer of fresh sediments. Typical O, penetration 
depth in such sediments is only a few centimetres”, that is, the same 
order of magnitude as the Bengal shelf annual accumulation”. 
Therefore, C,,,. exposure time to O, is only a few years or so, insuf- 
ficient for effective C,,, oxidation. Sediments are finally transferred 
to the deep-water zone by turbiditic currents and deposited in 
channel-levee systems*”®. Identical C,,, loading in the shelf, active 
channel-levee and mid-deep fan sediments (Supplementary Fig. 6) 
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Figure 4 | TOC of riverine and fan sediments as a function of their Al/Si 
ratio. Filled black diamonds, TOC of the Bengal fan sediments, with best fit 
(solid line) and 95% confidence interval (dashed lines). Marine sediments 
define a positive trend highly comparable to that defined by river sediments 
(filled grey squares), suggesting they have similar C,,, loads. 
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indicates that C,,, oxidation during sediment transfer from shelf to 
deep ocean is negligible. In addition, river discharge and precipita- 
tion are responsible for a negative salinity anomaly, and maintain 
stratified waters in the Bay of Bengal’”**. Combined with high pro- 
ductivity sustained by high nutrient flux delivered by the G-B, this 
generates an extended O, minimum zone and generally low O, con- 
centrations in the Bay of Bengal’’’*. C,,, oxidation is thus limited by 
both short exposure to, and low availability of, Oo. 

Climatic and tectonic factors produce high physical erosion rates 
and a major influx of particles and nutrients to the ocean that favour 
long-term Co,, burial. This is characteristic of the Himalayan basin 
and is also true for other comparable basins, such as Oceania, that 
generate comparable sediment influx with high burial efficiency”. 
Uplift and erosion result in rapid sediment accumulation, which 
favours Co, preservation with globally significant fluxes. Active 
orogenesis affects the export and burial of C,.g for periods of 
10°10’ years and tends to buffer long-term atmospheric CO, and 
O; levels. 


METHODS SUMMARY 

Sampling. Detailed sampling of the Ganges, Brahmaputra and Lower Meghna 
was performed during the 2002, 2004 and 2005 monsoons in Bangladesh. 
Suspended sediments were taken at different depths in the river channel and 
bedload was dredged from the bottom of the river. Marine sediments were taken 
from short cores drilled in the Bengal shelf, channel-levee system and deep-sea 
fan by the RV Sonne in 1994 (cruise SO 93). 

Organic carbon analyses. Before organic carbon content and isotopic measure- 
ments, sediments were leached with HCl (4. wt%) at 80°C in order to remove 
any trace of carbonate. TOC and 8'°C of bulk Co, Were measured by elemental 
analyser-isotope ratio mass spectrometer (EA-IRMS) on a modified EuroVector 
EuroEA3028-HT coupled with a GV Isoprime. The overall 20 uncertainties 
associated with the TOC and 8'°C of bulk Co, determination are 0.03% and 
0.25%o, respectively. '*C measurements were performed on the LMC14 (Gif 
sur Yvette) AMS national facility. After soluble C,,, extraction with dichloro- 
methane, n-alkane relative abundances were determined on a HP 5890 gas 
chromatograph-mass spectrometer (GC-MS) and compound specific 5'°C were 
measured on a GV-Isoprime gas chromatograph-isotope ratio mass spectro- 
meter (GC-IRMS). 

Fossil organic carbon detection. Fossil organic carbon was identified and 
characterized by Raman microspectroscopy and high-resolution transmission 
electron microscopy (HRTEM). Raman spectra were obtained on untreated raw 
sediments with a Renishaw INVIA Reflex Raman micro-spectrometer at the 
Laboratoire de Géologie of the Ecole Normale Supérieure, Paris, France. 
HRTEM was performed ona JEOL 2010 microscope with an acceleration voltage 
of 200kV, after concentration of carbonaceous material by HCI/HF acid treat- 
ment at low temperature (below 70 °C). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Sampling. Detailed sampling of the Ganges, Brahmaputra and Lower Meghna 
was performed during the 2002, 2004 and 2005 monsoons in Bangladesh. On the 
basis of daily river survey data from the Bangladesh Water Development Board 
(BWDB), sediment flux during the monsoon is three orders of magnitude higher 
than during the dry season’*. As a consequence, ~95% of the sediment flux is 
transported during the monsoon, and suspended sediments sampled during the 
monsoon are therefore representative of the total sediment flux. Suspended 
sediments were taken at different depths in the river channel and bedload was 
dredged from the bottom of the river. The sampling was systematically per- 
formed in the main channel where the velocities are the highest. In 2005, we 
also performed a depth sampling in a low velocity zone close to the bank to 
improve the description of the whole river section. Sediments were sampled 
using a 5-1 Nalgene bottle, ballasted and equipped with a depth probe. At a 
given depth the bottle was opened, then lifted on board after filling. During 
filling, the depth slightly increases by about one metre; the average depth was 
recorded as the reference depth. The total contents of the bottle were carefully 
transferred into opaque plastic containers and sealed free of air. Samples were 
then filtered at 0.2 um through a 90 mm nitrile membrane. Special care was taken 
to recover particles adsorbed at the surface of the container. Suspended sediment 
concentrations were weighed for each sample. Major and trace element concen- 
trations were measured by ICP-AES and ICP-MS at the Service d’Analyse des 
Roches et des Minéraux (CRPG-Nancy) on bulk sediment after lithium meta- 
borate fusion. 

Marine sediments were taken from short cores drilled in the Bengal fan by the 

RV Sonne in 1994 (cruise SO 93)'**°. For cores from the channel-levee system, 
deposition ages have been estimated on the basis of foraminifer '*C ages and 
stable isotopes; sediments used in this study were deposited during the last 
glacial—interglacial cycle. Sediments from the Bengal shelf were dated using 
gamma-spectrometric and radiocarbon methods”. We used a sample set that 
covers the past 500 yr of sedimentation, including modern samples. 
Organic carbon analyses. G-B river sediments as well as Bengal fan sediments 
contain significant amounts of detrital carbonates including dolomite’'~’. Co. 
concentration and isotopic measurements must therefore be performed on dec- 
arbonated sediments. Efficient dolomite dissolution was achieved through 1h 
leaching with 4 wt% HCl at 80 °C. After 50 °C oven drying, the C,,, content was 
determined either by elemental analysis on a EuroVector EuroEA3028-HT or by 
conventional CuO combustion”’. The problem with aqueous acid leaching is 
that an unknown proportion of Co,, is solubilized by acid hydrolysis. For a 
representative set of river and marine sediments, the amount of C,,, solubilized 
during the decarbonatation was measured in order to obtain the real TOC. C,,g 
content measured after decarbonation and TOC define a very good linear cor- 
relation (Supplementary Fig. 6). We used this relationship to calculate TOC for 
each sample from C,,, content measured after decarbonation. The overall 20 
uncertainty associated with the TOC determination is 0.03%. 

A'C were also determined on decarbonated fractions. Acid-insoluble Corg 
was converted into pure CO, at CRPG (Nancy) following the conventional CuO 
combustion method”®. '*C measurements were performed on the LMC14 (Gif 


nature 


sur Yvette) AMS national facility. Maximum overall uncertainty on A'*C calcu- 
lations was estimated to be 5%o. 

Soluble C,,, was extracted from bulk sediments with dichloromethane using 

an Accelerated Solvent Extractor (ASE 200). n-alkane relative abundances were 
determined on a HP 5890 GC-MS and compound specific 8!°C was measured on 
a GV-Isoprime GC-IRMS. 
Raman spectroscopy and HRTEM. Raman spectra were obtained with a 
Renishaw INVIA Reflex Raman micro-spectrometer at the Laboratoire de 
Géologie of the Ecole Normale Supérieure, Paris, France. Spectra were excited 
at room temperature with the 514.5 nm line of a 20 mW Ar Spectra Physics laser 
through a LEICA 50X long-working distance objective (NA 0.50). The laser spot 
at the sample surface had a diameter of approximately 3 4m and a power of 
1mW, which should be low enough to avoid any spectral change or sample 
destruction due to light absorption and local temperature increase**. Light was 
dispersed by a holographic grating with 1,800 grooves mm_ |. The spectral reso- 
lution of about 1.4cm~! was determined by measuring a neon lamp emission. 
The spectrometer was calibrated for every session by measuring the position of 
the neon lamp emission and/or a silicon wafer. The dispersed light was collected 
by a RENCAM CCD detector. The synchroscan mode from 100 to 2,000 cm! 
was selected in order to retrieve Raman modes from both carbonaceous matter 
(CM; 1,300-1,600 cm! region) and silicates/carbonates (100-1,100cm~ ‘ey 
Raman investigations were directly performed on the raw samples, without 
any preparation. The first-order Raman spectrum of disordered CM exhibits a 
graphite G band at 1,580 cm ', corresponding to in-plane vibration of aromatic 
carbons, and several defect bands (including the most important at 1,350 cm~ 1), 
corresponding to physico-chemical defects”. 

HRTEM was performed on a JEOL 2010 microscope with an acceleration 
voltage of 200 kV. Low- and high-magnification observations as well as electron 
diffraction were conducted on river and oceanic sediment samples. In particular, 
the high-magnification 002 lattice fringes mode was used to image directly the 
aromatic skeleton of CM together with selected area electron diffraction to detect 
the presence of triperiodic graphite. For HRTEM investigations, CM was con- 
centrated from river and marine sediments using HCI/HF acid treatment at low 
temperature (always below 70°C). More details regarding the sample prepara- 
tion and transmission electron microscopy analysis of natural solid CM may be 
found in ref. 35 and references therein. 
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Cooperation and conflict in quorum-sensing 


bacterial populations 


Stephen P. Diggle’, Ashleigh S. Griffin?, Genevieve S. Campbell’ & Stuart A. West? 


It has been suggested that bacterial cells communicate by releasing 
and sensing small diffusible signal molecules in a process com- 
monly known as quorum sensing (QS)'~. It is generally assumed 
that QS is used to coordinate cooperative behaviours at the popu- 
lation level**. However, evolutionary theory predicts that indivi- 
duals who communicate and cooperate can be exploited*®. Here 
we examine the social evolution of QS experimentally in the 
opportunistic pathogen Pseudomonas aeruginosa, and show that 
although QS can provide a benefit at the group level, exploitative 
individuals can avoid the cost of producing the QS signal or of 
performing the cooperative behaviour that is coordinated by QS, 
and can therefore spread. We also show that a solution to the 
problem of exploitation is kin selection, if interacting bacterial 
cells tend to be close relatives. These results show that the problem 
of exploitation, which has been the focus of considerable attention 
in animal communication, also arises in bacteria. 

An exponentially increasing body of research suggests that com- 
munication between bacterial cells can occur by QS. The uptake of 
QS signalling molecules has two consequences. First, they regulate a 
variety of behaviours such as the production and secretion of diverse 
exoproducts, which have various uses: virulence factors that damage 
the host, nutrient scavenging molecules (for example siderophores), 
compounds for providing structure for growth in biofilms, and sur- 
factants for facilitating movement. Most of these exofactors seem to 
provide a benefit to surrounding cells in the local population and 
represent ‘public goods’ or cooperative behaviours’’"”. Second, the 
uptake of signal molecules also leads to an increase in production of 
the signal molecules (termed autoinduction). This often leads to 
positive feedback at high cell densities and to a marked increase in 
the cooperative production of exoproducts*. The assumption here is 
that many cooperative behaviours, such as the production of exo- 
products, are not worth performing until a sufficient number of cells 
(a quorum) are present, and that QS provides a mechanism for 
stimulating such behaviours only when high enough cell population 
densities are reached. 

It is frequently assumed that QS has been selected for because it 
optimizes population growth or survival**. However, evolutionary 
theory shows that a behaviour can be favoured by selection only if it 
increases the inclusive fitness of the individual actor, which is often 
not the same as maximizing population fitness”'°'’. In particular, a 
large body of evolutionary theory, and empirical studies on a range of 
other organisms, have shown that cooperation and communication 
can generate conflicts of interest between individuals*”. QS seems to 
involve using cooperative, honest communication to coordinate 
other cooperative behaviours, and so a double evolutionary problem 
arises. Specifically, populations are at risk from the invasion of selfish 
cheats, who exploit either the signalling or the exoproduct produc- 
tion of others’*'*"*. A cheat that does not produce QS molecules can 


benefit from monitoring the local cell density without investing 
effort into the dissemination of this information (‘signal negative’). 
Alternatively, a cheat could produce the signal but not increase the 
production of exoproducts in response (‘signal blind’), exploiting 
(and encouraging) the cooperative production of exoproducts by 
other cells. 

Here we examine one of the best-understood QS systems, that of 
Pseudomonas aeruginosa, a Gram-negative bacterium, capable of 
causing disease in plants and animals, including humans'’. QS is 
crucial to the success and virulence of P. aeruginosa because it con- 
trols behaviours such as biofilm development, swarming motility and 
the production of an arsenal of extracellular virulence factors that are 
capable of causing extensive tissue damage, bloodstream invasion 
and consequently promoting systemic dissemination’. In this bac- 
terium, QS is controlled by two pathways that regulate the produc- 
tion of N-acyl homoserine lactone (AHL) signalling molecules 
(see Supplementary Fig. 1). These two systems are termed Jas and 
rhl, and use different AHL signal molecules, synthesized by means of 
the signal generators LasI (N-(3-oxododecanoyl)-L-homoserine lac- 
tone; 30-C12-HSL) and RhlI (N-butanoyl-L-homoserine lactone; 
C4-HSL), respectively’*. The importance of QS in controlling the 
behaviours of P. aeruginosa is emphasized by the fact that 6—10% 
of its genome is regulated by the Jas and rhl systems'®. 

We examine the fitness consequences of QS and determine the 
possibilities for cheating. We focus on the Jas QS pathway because 
this system controls the rhl system hierarchically; a mutation in las 
QS results in a general abolition of QS in P. aeruginosa’*'”'*. To 
examine the costs and benefits of QS, we used two types of cheating 
QS mutant. First, we used a ‘signal-negative’ mutant that does not 
produce the 30-C12-HSL signal but still responds to signal—the /asI 
mutant (PAOI lecA::luxAlasI'’). Second, we used a ‘signal-blind’ 
mutant that does not respond to extracellular signal—the lasR 
mutant (PAO1 lecA::luxAlasR"”). The signal-blind mutant does not 
increase signal production in response to extracellular signal and so a 
relatively small amount of signal is produced. Both mutants are 
found in natural populations, with the signal-blind strain being more 
common”. Furthermore, we experimentally altered the level of signal 
perceived by either the wild type or the signal-negative mutant by 
adding to cultures a synthetic signal chemically identical to that 
produced by P. aeruginosa’. 

We first examined the fitness consequences of QS in an envir- 
onment in which cooperation is favoured. Proteases are a group of 
exoproducts whose production is controlled by QS. P. aeruginosa 
produces a number of well-known proteases such as alkaline 
protease, the LasA protease, and the LasB protease more commonly 
known as elastase, which is completely dependent on a functional 
las QS system’. In a host, elastase is released from a bacterial cell to 
digest several proteins including elastin, fibrin and collagen. Digested 
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protein can then be internalized by a bacterial cell and used as nutri- 
tion to promote growth. We examined the growth of the wild type 
and the JasI (signal-negative) and JasR (signal-blind) mutants in a 
medium in which the ability to make proteases is required for growth; 
we term this the quorum-sensing growth medium (QSM). 

We found that QS provides a benefit at the population level by 
increasing the production of cooperative exoproducts that can aid 
growth in certain environmental conditions. Both the signal-negative 
and the signal-blind mutants showed significantly poorer growth 
than the parental wild-type strain in the QSM (Fig. la; F1,32) = 
710.92, P< 0.0001). To confirm that this difference in growth yield 
was caused by QS, we examined the roles of signalling and the pro- 
duction of public goods (protease) separately. Specifically, we found 
the following: first, the addition of synthetic signal (20 11M 30-C12- 
HSL) to the signal-negative strain significantly improved growth 
yield (Fig. 1a; F131) = 9.57, P< 0.01), as would be expected because 
this will stimulate the production of proteases such as elastase; sec- 
ond, the signal-negative mutant grew more rapidly as higher con- 
centrations of synthetic signal were added (Fig. 1b; Fi1,2) = 79.90, 
P<0.0001, 7° =0.78; n= 24), because this will stimulate greater 
production of proteases; third, addition of the synthetic signal to 
the wild type resulted in a significant increase in the expression of 
the /asB elastase structural gene, confirming an increased production 
of the elastase public goods that break down proteins (F(1,13) = 302.2, 
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Figure 1| QS-controlled public goods provide a benefit at the population 
level in QSM. a, The wild type grows (attenuance (Dgo9) measurements 
after 24h of growth) significantly more rapidly than the signal-blind and 
signal-negative mutants. Addition of synthetic signal improves the growth of 
the signal-negative mutant but not the signal-blind mutant (seven 
independent replicates per treatment). b, Increasing synthetic signal 
concentration improves cooperation and growth in a signal-negative 
mutant. The graph shows Dgo9 measurements after 30h of growth; six 
replicates per treatment. c, Addition of synthetic elastase significantly 
increases the growth of the signal-blind mutant after 20 h in QSM. All results 
are shown as means + s.e.m, five replicates per treatment. 
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P<0.0001, n= 20); fourth, addition of signal to the signal-blind 
strain resulted in no improvement in growth (Fig. 1a; Fi,30) = 2.3, 
P> 0.1), as would be expected because the cells do not respond to the 
signal; and fifth, addition of purified elastase (porcine elastase) to the 
signal-blind strain increased growth (Fig. 1c; Fri,3) = 116,800, 
P<0.0001, n = 10), by directly providing the public goods that allow 
proteins to be broken down. 

We also found that the production of the QS signal molecules and 
QS-dependent exoproducts (public goods) are metabolically costly. 
We compared the growth yield of the mutants and the wild type in 
nutrient-rich Luria-Bertani (LB) broth, in which the exoproducts 
produced by QS are not needed for growth. In these conditions, 
22h after inoculation, the QS mutants had grown to a higher density 
than the wild type (Fig. 2; F(1,34) = 257.1, P< 0.0001). The cost of 
the response to QS molecules is further shown by the fact that 
addition of synthetic signal to the signal-negative mutant resulted 
in a decreased growth yield (Fig. 2; F(1,32) = 1,043.32, P< 0.0001); it 
was significantly lower than that obtained with the signal-blind strain 
with or without signal (Fig. 2; F(,,33) = 29.33, P< 0.01). Regulation 
of public goods production by QS generally occurs in the transition 
from exponential to stationary phase, and one would therefore 
expect fitness costs to occur primarily in the stationary phase. To test 
this, we examined growth of the wild type and QS mutants over time 
and found that growth rates were similar during exponential growth 
and that fitness differences occurred in the stationary phase (see 
Supplementary Fig. 3). 

We then tested whether QS cheats can spread in a population, 
because they benefit from the signal or exoproducts produced 
by others without paying the production costs themselves’*'?™*. 
We initiated populations of the wild type with a small proportion 
(1-3%) of one of the two mutants and followed their growth in QSM 
over 48h. During this time, the signal-blind cheats increased in 
frequency from 1% to 45% and the signal-negative mutant increased 
from 3% to 66% (Fig. 3a). Consequently, over 48 h of growth, in 
mixed cultures, both the signal-blind and the signal-negative 
mutants had a significantly higher fitness than the parental wild type 
(in both cases, P = 0.02, n = 6; the relative fitness of the two mutants 
were 81-fold and 63-fold that of the wild type, respectively). Social 
evolution theory also predicts that the fitness of cheats in microbial 
populations should be frequency dependent, with relative fitness 
decreasing as cheats become more common”. As cooperators 
become more common, there is greater population growth and hence 
more opportunity for cheats to exploit cooperators”. In support of 
this prediction, we found that the relative fitness of the signal-blind 
cheat decreased significantly when it was more common (Fig. 3b; 
Fo2s) = 57.15, P< 0.0001, n = 30, r° = 0.671). 

Our results show that QS is a social trait, susceptible to exploita- 
tion and invasion by cheats. Given this, how is QS maintained in 
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Figure 2 | QS-dependent cooperation is costly. Final cell density of wild 
type and mutants in a rich (LB) growth medium in the absence (open 
columns) and presence (filled columns) of signal (5 1M 30-C12-HSL). All 
results are shown as means ~ s.e.m. for six independent measurements per 
treatment. 
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Figure 3 | QS is subject to cheating. a, QS signal-negative and signal-blind 
cheats invade populations of wild-type cooperators over 48 h of growth in 
QSM. All results are shown as means + s.e.m. (estimated assuming binomial 
errors and logit transformation) for six independent measurements per 
treatment. Black and grey bars represent the starting and final percentage of 
cheats in the population, respectively. b, Invasion and relative fitness of 
signal-blind cheats are frequency dependent over 48 h of growth in QSM, 
with cheats having a higher fitness when they are less common. Relative 
fitness is the estimated growth rate of cheats relative to that of cooperators. 
The curve is a power regression line fitted to the raw data (n = 30). All results 
are shown as means ~ s.e.m. 


natural populations? The most likely explanation is kin selection*—if 
neighbouring cells tend to be close relatives they will have a shared 
interest in communicating honestly, and cooperating”™*. Kin selec- 
tion is likely to be highly important in microbial social behaviours 
such as QS because of clonal reproduction and relatively local inter- 
actions''. We tested the importance of kin selection for QS with an 
experimental evolution approach. We maintained populations 
under conditions of relatively high and relatively low relatedness”, 
and examined how this influenced the relative fitnesses of the wild 
type and the signal-blind JasR mutant (see Supplementary Fig. 2). As 
predicted by kin selection theory”, QS was favoured at a relatively 
high relatedness (Fig. 4; Fi,4) = 553.6, P< 0.0001, n=6). In the 
high-relatedness treatment, the wild type and the signal-blind 
mutant tended to be in different subpopulations, preventing 
exploitation of the wild type by cheats. In contrast, in the relatively 
low-relatedness treatment, subpopulations could contain both QS 
cooperators and the signal-blind cheats, allowing the signal-blind 
cheats to exploit the production of public goods (proteases) by the 
cooperative QS individuals and hence to increase in frequency within 
the population. 

Our results and social evolution theory can help explain the pre- 
valence of QS mutants in natural populations. First, in both envir- 
onmental and clinical isolates, QS cheats are often found that do not 
perform normal QS behaviours”’”*”®. The vast majority of these are 
signal-blind mutants that do not respond to signal. This is to be 
expected because signal-blind mutants avoid the cost of producing 
both the signal and exoproducts regulated by QS, whereas signal- 
negative mutants avoid only the cost of producing signal, which is 
likely to be far less metabolically costly than producing the exopro- 
ducts. Second, it has frequently been observed that such QS mutants 
are able to invade and spread in clinical settings, such as the lungs of 
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Figure 4 | Kin selection and QS. The proportion of quorum-sensing 
individuals (wild type) is plotted against time (rounds of growth). QS is 
favoured by higher relatedness: open squares, low relatedness; filled 
diamonds, high relatedness. All results are shown as means ~ s.e.m. for three 
independent replicate experiments per treatment. 


humans with cystic fibrosis**”’. Populations of P. aeruginosa in the 
human lung are subject to low levels of dispersal in and out of 
the lung’’, leading to relatively local competition within the lung. 
Such local competition reduces kin selection for cooperative beha- 
viours such as QS, even if there are small numbers of lineages within 
the lung”’. Consequently, kin selection theory predicts the observed 
pattern that QS cheats should invade over time in lung infections. 
More generally, we would predict a higher prevalence of QS cheats in 
any situation in which the average relatedness between interacting 
cells was lower or in which there was a greater intensity of local 
competition. 


METHODS SUMMARY 

Strains and growth conditions. The P. aeruginosa strains PAO] lecA::lux or 
PAOI were used as QS-positive cooperating strains; las] (signal-negative) and 
lasR (signal-blind) mutants were used as QS cheats. Strains were routinely grown 
in LB broth. For growth competition assays we used QSM. This consisted of OS 
minimal medium” supplemented with 1% BSA (Sigma) as the sole carbon 
source. For growth-curve experiments we grew strains in 300 ul of LB broth or 
QSM ina combined automated luminometer—spectrometer (GENios Pro; Tecan 
Group). The QS experimental evolution study to test whether selection for QS 
could be influenced by indirect fitness benefits was based on the global competi- 
tion treatments of a previous experiment”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Bacterial strains and growth conditions. We grew bacteria in LB broth or on 
Pseudomonas isolation agar (Difco). The P. aeruginosa strains PAO] lecA::Iux*? 
or PAO] were used as QS-positive cooperating strains. The construction of lasI 
(signal-negative) and JasR (signal-blind) cheating mutants in PAO] lecA::Iux is 
described elsewhere’’. Although the /asI mutant (PAO1 lecA::luxAlasI) is unable 
to produce the 3O-C12-HSL signal”, it still responds to the presence of signal, as 
shown by the fact that in the presence of the 30-C12-HSL signal (20 1M), but not 
in its absence, it significantly expresses the QS-dependent lecA gene (which codes 
for a galactophilic lectin)*' (n = 12, P< 0.0001) and produces the QS-dependent 
protease elastase (n = 6, P< 0.0001). The JasR mutant (PAO1 lecA::luxAlask) 
produces minimal amounts of signal’? but does not respond to extracellular 
signal as shown by the fact that lecA expression (n = 12, P= 0.919) and elastase 
production (n= 6, P= 0.072) are not restored on the provision of signal. 

We routinely grew all strains at 37°C in 5 ml of LB broth in 20-ml tubes 
(Sterilin) with shaking at 200 r.p.m. QSM was made by using OS minimal med- 
ium” supplemented with 1% BSA (Sigma) as the sole carbon source. For growth 
curve experiments, we grew strains in 300 ul of LB broth or QSM in a combined 
automated luminometer-spectrometer (GENios Pro; Tecan Group). Growth 
was followed by the determination of Dgoo values, and viable counts (colony- 
forming units) were obtained by plating suitable dilutions made in saline (0.9% 
NaCl) onto LB agar. Where required, we added synthetic AHL signal*'~? at the 
concentrations indicated. 

Unless stated otherwise, we performed all analyses by model simplification to 

the minimum adequate model, using generalized linear modelling techniques 
implemented in GLMStat 6.0 (Kagi Shareware). When analysing the effect of 
adding signal on the signal-negative mutant, we used log.(signal + 1) logging to 
linearize values and then added 1 to account for zeros. 
Growth competition assays. We determined that protease production is an 
appropriate public-goods cooperative trait for our experiments. We measured 
the growth rates of a wild-type (cooperator) strain that produces QS-dependent 
proteases and two mutant strains (cheats) that either do not make QS signal but 
can respond to signal and thus make proteases (signal-negative) or do make 
minimal amounts of signal and do not respond (signal-blind). For growth com- 
petition assays, we first grew PAO] (QS positive cooperator) and PAO1 
lecA::luxAlasI and PAO1 lecA::luxAlasR (cheats) overnight separately in LB 
broth. Attenuance (Dgo9) readings were performed, and PAO] and the relevant 
cheat were then mixed together in the desired ratio (namely 99:1). To determine 
the exact starting ratio, a sample was then immediately taken and we performed 
serial dilutions to obtain single colonies on LB agar plates. These were incubated 
overnight at 37 °C and the ratio of cheats was determined with a light camera 
(E. G. & G. Berthold): cheats contained the /ux genes and were therefore 
bioluminescent, whereas PAO1 was not. From the initial inoculum we trans- 
ferred 20 tl to 200 ul of QSM and this was incubated for 48 h at 37 °C. Samples 
were then taken, serial dilutions were performed to obtain single colonies, and 
the cheat ratio was determined as above. 

These data were analysed with a non-parametric sign test, because relative 
fitness (w) is non-normally distributed (Shapiro—Wilkinson test; signal- 
negative, P = 0.001; signal-blind, P = 0.02; Fig. 3a). In this experiment, the fit- 
ness of the signal-blind mutant was about 81-fold that of the wild type, and the 
fitness of the signal-negative mutant was about 63-fold that of the wild type. 
Furthermore, our estimates of the relative fitness of the QS mutants are 
underestimates because they must also pay the metabolic cost of expression of 
the lux reporter. We tested for frequency dependence by examining how the 
relative fitness of the signal-blind mutant changed as its initial starting frequency 
in the population was varied from about 1% to 50% (Fig. 3b). For frequency- 
dependence experiments, ratios of about 1%, 10% and 50% cheats (signal-blind) 
were mixed with PAO1. From these inocula we transferred 20 pl to 200 ul of 
QSM and incubated for 48 h at 37 °C. Samples were then taken, serial dilutions 
were performed to obtain single colonies, and the cheat ratio was determined as 
above. 

Selection experiment. We performed an experimental evolution study to test 
whether selection for QS can be influenced by kin selection. Our design is based 
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on the global competition treatments of a previous experiment™ (see 
Supplementary Fig. 2). We used the signal-blind JasR mutant because this is 
the mutant most commonly observed in nature”®’*’. Our experiment involved 
two treatments: relatively high relatedness and relatively low relatedness”. Each 
treatment was replicated three times. Within each replicate we split each popu- 
lation into 12 subpopulations. We initiated each subpopulation with a 1:1 mix of 
the wild type and the signal-blind mutant. We did this by growing PAO1 wild 
type (QS positive cooperator) and the signal-blind strain (cheat) individually 
overnight in LB medium, taking attenuance measurements to measure cell 
density, and then mixing the strains in a single tube at a 1:1 ratio. We then added 
20-1 aliquots of the 1:1 mix into 12 subpopulations in wells of a 96-well plate, 
each containing 200 pl of QSM, and incubated this plate for 48 h at 37 °C. We left 
these subpopulations to grow in QSM for 48 h, after which the populations were 
pooled and used to initiate 12 new subpopulations, and the process was repeated. 
We measured the ratio of cooperators to cheats in the mixed population by 
serially diluting the mixed tube, plating on LB agar plates to obtain single col- 
onies, incubating these plates for 24h, and viewing with a light camera. We 
manipulated relatedness by varying how the mix of the subpopulations was used 
to initiate the 12 new subpopulations. We achieved relatively high relatedness by 
initiating each subpopulation with a single colony, taken at random from a 
sample of the subpopulation mix. Specifically, we inoculated single colonies into 
12 wells containing LB medium, incubated these at 37 °C for 24h and then used 
20 ul of culture from each well to inoculate a new subpopulation. For low 
relatedness we conducted the same procedure, except that the initial inoculation 
was performed with 20 ul of the pooled sample (about 1.2 X 10° cells), rather 
than a single colony. We then incubated these subpopulations for 48 h at 37 °C, 
as described above, and repeated this procedure for a total of six rounds of 
growth in subpopulations. Before data analysis, we arcsin square root trans- 
formed the proportion of cooperators to account for the non-normality of 
proportion data. 

Time and cell-density-dependent measurement of bioluminescence. We 
determined bioluminescence as a function of cell population density with a 
combined automated luminometer-spectrometer (GENios Pro; Tecan 
Group). We diluted overnight cultures of P. aeruginosa 1:1,000 (in LB medium) 
or 1:20 (in QSM), and 0.2-ml cultures were grown in 96-well microtitre plates. 
Luminescence and turbidity were automatically determined every 30min. 
Luminescence was measured in relative light units. Where required, we supplied 
AHL signal at the concentrations indicated. AHLs were synthesized as described 
previously*'. AHL was dissolved in methanol before it was added to growth 
medium at the indicated concentrations. 

Calculation of relative fitness (w) of strains. We calculated the relative fitness of 
cheating mutants (w) by comparing the frequency of cheats at the beginning and 
end of the experiment. Specifically, wis given by [x(1 — x;)]/[x;(1 — x2)], where 
x, is the initial proportion of cheats in the population and x is their final 
proportion”. For example, w= 2 would correspond to the mutant’s growing 
twice as fast as the wild-type cooperator. 

Assay for elastolytic activity. We determined the elastolytic activity of bacterial 
supernatants by using the elastin Congo red (ECR; Sigma) assay as described 
previously*’. We added a 100-1 aliquot of bacterial supernatant to 900 pl of ECR 
buffer (100 mM Tris-HCl pH7.5, 1mM CaCl,) containing 20 mg of ECR and 
incubated the mixture with shaking at 37 °C for 3 h. We removed insoluble ECR 
by centrifugation, and the Ay; of the supernatant was measured. LB medium 
was used as a negative control. 


31. Winzer, K. et al. The Pseudomonas aeruginosa lectins PA-IL and PA-IIL 
are controlled by quorum sensing and by RpoS. J. Bacteriol. 182, 6401-6411 
(2000). 

32. Chhabra, S. R. et al. Autoregulation of carbapenem biosynthesis in Erwinia 
carotovora by analogs of N-(3-oxohexanoyl)-L-homoserine lactone. J. Antibiot. 
(Tokyo) 46, 441-454 (1993). 

33. Diggle, S. P. etal. Advancing the quorum in Pseudomonas aeruginosa: MvaT and the 
regulation of N-acylhomoserine lactone production and virulence gene 
expression. J. Bacteriol. 184, 2576-2586 (2002). 


©2007 Nature Publishing Group 


Vol 450|15 November 2007|doi:10.1038/nature06270 


nature 


LETTERS 


SMRT-mediated repression of an H3K27 demethylase 
in progression from neural stem cell to neuron 


Kristen Jepsen'+, Derek Solum'+, Tianyuan Zhou't, Robert J. McEvilly’, Hyun-Jung Kim’, Christopher K. Glass’, 


Ola Hermanson? & Michael G. Rosenfeld! 


A series of transcription factors critical for maintenance of the 
neural stem cell state have been identified’ *, but the role of func- 
tionally important corepressors*” in maintenance of the neural 
stem cell state and early neurogenesis remains unclear. Previous 
studies have characterized the expression of both SMRT (also 
known as NCoR2, nuclear receptor co-repressor 2) and NCoR in a 
variety of developmental systems*; however, the specific role of the 
SMRT corepressor in neurogenesis is still to be determined. Here 
we report a critical role for SMRT in forebrain development and in 
maintenance of the neural stem cell state. Analysis of a series of 
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markers in SMRT-gene-deleted mice revealed the functional 
requirement of SMRT in the actions of both retinoic-acid-depend- 
ent and Notch-dependent forebrain development. In isolated cor- 
tical progenitor cells, SMRT was critical for preventing retinoic- 
acid-receptor-dependent induction of differentiation along a neur- 
onal pathway in the absence of any ligand. Our data reveal that 
SMRT represses expression of the jumonji-domain containing gene 
JMJD3, a direct retinoic-acid-receptor target that functions as a 
histone H3 trimethyl K27 demethylase and which is capable of 
activating specific components of the neurogenic program. 


Figure 1| Impaired neural 
development in SMRT “— 
embryos. a, Matched haematoxylin 
and eosin (H&E)-stained 
cryosections from E17.5 wild-type 
or SMRT ’ cortex. Brackets 
indicate cortical plate in panels 1 to 
4. Black arrowheads indicate corpus 
callosum (panel 2). White 
arrowheads indicate anterior 
commissure (panel 2), 
hippocampal commissure (panel 
3), and hippocampal plate (panel 4). 
Arrows indicate neocortex/ 
palaeocortex boundary (panels 1, 2) 
and corticothalamic and 
thalamocortical projections (panel 
3). b, In situ analysis of wild-type 
and SMRT ‘ E12.5 embryos using 
the indicated radiolabelled anti- 
sense RNA probes. ¢, d, In situ 
analysis of wild-type and SMRT /~ 
E14.5 embryos using the indicated 
radiolabelled anti-sense RNA 
probes. 
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To investigate roles of SMRT in neurogenesis, we generated mice 
gene-deleted for SMRT (Supplementary Fig. la—d). Although 
SMRT ‘ mice generally died before embryonic day (E)16.5 owing 
to a lethal heart defect, myocyte-specific targeting of SMRT allowed 
rescue of the heart defect and survival to birth (Supplementary Fig. le). 
Inspection of forebrain structures at E17.5 revealed significant differ- 
ences between wild-type and SMRT ’~ cortex, most noticeably with a 
shift in the proportional volumes of dorsal and ventral telencephalon 
regions. A thinning of the neocortical plate was apparent throughout 
both the medial and lateral regions, and extended throughout the 
rostro-caudal axis of the brain (Fig. la, and Supplementary Fig. 2), 
extending medially to include the hippocampus (Fig. 1a, and panel 4 of 
Supplementary Fig. 2). The ventro-lateral boundaries of the neocortex 
and the palaeocortex terminated in more dorsal positions in SMRT /~ 
brain (Fig. la, and panels 1, 2 of Supplementary Fig. 2). Axonal pro- 
jections linking opposite cortical hemispheres were also significantly 
altered (Fig. la, and panels 2-4 of Supplementary Fig. 2), with both 
the anterior commissure and the corpus callosum exhibiting near- 
complete loss of volume and the hippocampal commissure also sig- 
nificantly reduced. Interestingly, axonal projections between the 
thalamus and cortex appeared more highly represented in the 
SMRT ‘~ brain (Fig. la, and panel 3 of Supplementary Fig. 2). 

At E12.5, levels of Emx2 and Mash1 (panels 1, 2 of Fig. 1b), which 
are respectively representative of the dorsal and ventral telencepha- 
lon™"°, were unchanged in SMRT ‘~ brain, suggesting that the initial 
specification of dorsal and ventral regions occurred normally in the 
absence of SMRT, and results obtained with additional dorsal markers 
Emx1, Ngn2 and Paxé6 and ventral markers Dlx2 and Gsh2 (data not 
shown)’*’° further supported this conclusion. Analysis of regional 
subdivisions of the ventral telencephalon with markers specific for 
medial ganglionic eminence (Lhx6, Lhx7, Nkx2.1)""° and the lateral 
and caudal ganglionic eminence (Oct6, Isl1)"”"° also revealed expected 
distribution patterns within these structures (data not shown). 
Interestingly, markedly increased levels of expression of Dlx5 and 
Gad1, markers of differentiated interneurons’, were observed in the 
ventral telencephalon of E12.5 SMRT ‘~ brain, together with higher 
levels of COUP-TFJ, an early marker of differentiating neurons, in 
dorsal telencephalon and thalamus (panels 3—5 of Fig. 1b). 

A similar panel of analyses at E14.5 again revealed the expected 
distribution of markers delineating dorsal and ventral boundaries 
and specific subregions (Fig. 1c and data not shown), although by 
this stage the hippocampus, neocortex, and palaeocortex of the 
SMRT ‘~ brain were all significantly smaller than equivalent regions 
in wild-type littermates, as illustrated by EMX2 and COUP-TFI 
expression (panels 1 and 3 of Fig. 1c). In the SMRT /~ brain at this 
stage, the expression of COUP-TFI was substantially upregulated in 
dorsal telencephalon, as well as more broadly distributed both dor- 
sally and ventrally, in the mediolateral cortex and caudal ganglionic 
eminence, respectively, whereas the expression levels of Dlx5 and 
Gad1 in ventral telencephalon had resolved to levels similar to 
wild-type (panels 2, 4 of Fig. 1c). 

A variety of mechanisms have been genetically implicated as influ- 
encing patterning and differentiation in telencephalon development, 
including retinoic acid (RA) signalling’’. RA at early stages influences 
the initial expression of ligands involved in the Wnt/BMP and SHH/ 
FGF signalling pathways, which subsequently regulate dorsal and 
ventral telencephalic development”, and, at later stages it is impli- 
cated in refinement of the dorsoventral telencephalic boundary”. 
Given that COUP-TFI, itself a target of RA signalling during brain 
development", was upregulated in the SMRT’~ telencephalon 
(panel 5 of Fig. 1b, and panel 3 of Fig. 1c), and that SMRT has been 
suggested preferentially to mediate repression of unliganded RA 
receptors'’, we examined potential effects of enhanced RA signalling 
on the signalling pathways affecting early brain development, as well 
as on Notch signalling, where SMRT and NCoR have been shown to 
repress Notch targets through interaction with the DNA binding 
protein CSL (CBF-1, suppressor of hairless, and Lag-1)”'*'*. While 
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the SHH/FGF (SHH, Glil, Gli3, Nkx2.1) and Wnt (Wnt3, Wnt7A, 
FOXGI1) pathways were unaffected (data not shown), we did record 
significantly elevated levels of expression for Hes5 and Dill, but 
not for Notch, at E14.5 in the ventricular zones of SMRT ’~ tele- 
ncephalon (Fig. 1d). These data are consistent with chromatin 
immunoprecipitation (ChIP) experiments performed in embryonic 
telecephalon that reveal the presence of SMRT on both Hes5 and Dill 
promoters, suggesting direct transcriptional repression of these 
Notch target genes by SMRT (Supplementary Fig. 3a). 

We next investigated the role of SMRT in maintenance of the neural 
stem cell phenotype, employing cortical progenitor cells from indi- 
vidual E13 mouse embryos that were isolated and cultured as pre- 
viously described’. In the presence of FGF2, progenitor cells from 
wild-type embryos proliferated as assessed by the expression of the 
proliferative marker Ki67, and formed colonies of self-renewing, 
nestin-positive neural stem cells (Fig. 2a, c, f). While cortical progeni- 
tors derived from E13 SMRT ’~ embryos were initially indistinguish- 
able from wild-type cells, after four to six days in culture, SMRT /~ 
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Figure 2 | SMRT is a regulator of neural stem cell state. 

a—c, Immunofluorescent labelling and quantification (standard error of the 
mean, s.e.m.) of Ki67-expressing cells (red) in SMRT*'* and SMRT /— 
neural stem cells after three days in culture. Nuclear 4,6-diamidino-2- 
phenylindole (DAPI) staining in blue. d, e, Immunofluorescent labelling of 
GFAP-expressing (green) and Tujl* (red) cells in SMRT*'* and SMRT “~ 
neural stem cells after five days in culture. f, Quantification of nestin- 
expressing, GFAP-expressing and Tujl-positive cells in SMRT‘/* and 
SMRT ‘~ neural stem cells (+s.e.m.). g, h, Immunofluorescent labelling and 
quantification of GFAP-expressing (green) neural stem cells from SMRT*!/ 
NCoR*‘’~ embryos. i, In situ analysis in wild-type E14.5 cortex using RNA 
antisense probes to NCoR or SMRT. j, k, ChIP in neural stem cells using anti- 
SMRT or anti-NCoR antibodies on neuronal (Dex), astroglial (Gfap) or 
oligodendrocyte (Olig2, Nkx6-2) promoters (+standard deviation, s.d.). 
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cells exhibited impaired proliferation (Fig. 2b, c) with no differences in 
apoptosis (Supplementary Fig. 3c, d). Furthermore, many SMRT “ - 
derived progenitor cells displayed morphological signs of differenti- 
ation and expressed markers of either neuronal (Tujl-positive) or 
astroglial (GFAP-positive) differentiation, with a corresponding 
decrease in the number of nestin-expressing cells (Fig. 2d—f). 

Gene deletion of the SMRT-related corepressor, NCoR, results in 
cortical progenitors with impaired self-renewal that spontaneously 
differentiate into GFAP-expressing ; astroglia-like cells’. Interestingly, 
cortical progenitors from SMRT*’ /NCoR*’~ double heterozygotes 
spontaneously differentiated into astroglia-like cells, as indicated by 
GFAP expression (Fig. 2g,h), while those from either single hetero- 
zygote were phenotypically indistinguishable from the wild type 
(Supplementary Fig. 3e, f). These data suggest that regulation of 
the astroglial pathway depends on proper gene-dosage of both 
NCoR and SMRT, while differentiation along the neuronal pathway 
appears to be regulated by loss of SMRT alone. We note that SMRT 
messenger RNA is primarily expressed in the ventricular zone region, 
both in the dorsal and ventral telencephalic regions, where multi- 
potent neural precursors reside, whereas the expression of NCoR is 
more broadly distributed throughout the dorsal cortex with its signal 
most pronounced in the outer cortical plate and in a narrow band 
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that probably corresponds to neuroepithelium, and is expressed at 
much lower levels in the ventral telencephalon, including the vent- 
ricular zone (Fig. 21). Additionally, ChIP analysis revealed that while 
NCoR and SMRT were equivalently recruited to the glial-specific 
Gfap promoter, SMRT was preferentially recruited to the promoter 
of the neuronal gene Dex (Fig. 2j, k). 

To determine whether the increased number of Tujl- and GFAP- 
expressing cells was a result of differentiation of multipotent 
progenitors or was due to an increase in the number of neuronal- 
or glial-restricted progenitors in SMRT ’~ cortical progenitors, 
microdots of poly-L-ornithine and fibronectin were sprayed on cul- 
ture dishes to obtain discrete points of potential adhesion of neural 
stem cells, providing containment of growth, because progenitor cells 
will not grow on uncoated areas (Fig. 3a)’. After five days in culture, 
while less than 10% of the microdots originally contained more than 
one cell (Fig. 3b), all SMRT ‘~ microdot colonies contained cells 
expressing the three cell-type markers (nestin, Tujl and GFAP), 
indicating that single E13 cortical progenitor cells derived from 
SMRT ‘ embryos were multipotent (Fig. 3c). 

To identify SMRT-regulated genes involved in early neurogenic 
events, RNA profiling experiments were performed, comparing RNA 
derived from E13 SMRT ’~ progenitor cell cultures to untreated 
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wild-type cells 10h after plating, and to wild-type cells treated for 
10h with RA or platelet-derived growth factor (PDGF). A number of 
genes characteristic of neuronal identity as well as genes encoding a 
diverse set of growth factors implicated in neural cell growth and 
survival were upregulated in SMRT ’~ cells (Supplementary Figs 4 
and 5a). This gene activation profile is unique to the specific cell 
lineage milieu, because depletion of SMRT by siRNA in U2OS osteo- 
blastoma cells did not entirely mimic what was observed in neural 
stem cells (Supplementary Fig. 5b, c). When compared with wild- 
type progenitor cell cultures treated with RA, we observed that 
approximately one-third of RA-induced genes were also induced in 
SMRT ‘~ cells, compared to only 5% of PDGF-induced genes 
(Fig. 3d, e). Consistent with RNA profiling data, we detected p- 
galactosidase (f-Gal) expression in approximately one-third of cor- 
tical progenitor cells derived from SMRT ’ embryos carrying an RA 
responsive element (RARE)-lacZ transgene’ in the absence of RA, 
while virtually no B-Gal expression was detected in cells derived from 
SMRT*’*, RARE-lacZ embryos in the absence of RA (Fig. 3f-h). 
These data suggest that ligand-independent RA-receptor activation 
function can occur in the absence of SMRT. 

To establish that RA receptor is necessary for the spontaneous 
neuronal differentiation observed in SMRT’ derived cultures, 
SMRT ‘~ cells were lipofected with a mix of specific siRNAs to 
RAR«, RAR$ and RARy (Supplementary Fig. $5d), in concert with 
fluorescein isothiocyanate (FITC)-labelled control small interfering 
(si)RNA to mark transfected cells. Indeed, when RA receptors are 
depleted from a subset of cells in SMRT ‘~ cultures, these cells were 
unable to differentiate into Tujl-positive neuronal cells (Fig. 3i-k), 
but maintained the ability to differentiate into GFAP-positive astro- 
glial cells (Fig. 3k). In contrast, in SMRT ‘cells transfected with 
control siRNA alone, approximately one-third of cells were Tujl- 
positive, as was observed in untransfected cultures (Figs 3k and 2f). 
siRNA-positive cells appeared to lack Tujl-positive processes; this 
seemed to be specifically associated with the uptake of siRNA, 
because Tujl-positive processes were observed in siRNA-negative 
cells (Fig. 3i, j). To determine whether individual genes upregulated 
in SMRT ‘~ cortical progenitors were sufficient to drive the neuro- 
genic program in the neural stem cells, we ectopically expressed 
individual complementary DNAs in the neural stem cells, thus 
mimicking the upregulation of genes observed in SMRT ’~ cells 
(Fig. 4, and Supplementary Fig. 6). One such gene, JMJD3, a member 
of the jumonji C family of putative histone demethylases””’, was 
derepressed in SMRT ’~ neural stem cells (Fig. 4a) and efficiently 
induced by RA in neural stem cells (Fig. 4b) as well as in HeLa and 
U20S cells (Supplementary Fig. 5e). ChIP experiments confirmed 
recruitment of SMRT and RA receptor to the canonical RARE region 
of the JMJD3 promoter region (Fig. 4c, d), suggesting that JMJD3 is a 
direct target of SMRT-dependent RA-receptor-mediated repression. 
Overexpression of JMJD3 in neural stem cells resulted in induction 
of neuronal genes of various neuronal subtypes as assessed by 
quantitative (q)PCR (Fig. 4e). Overexpression of a mutant form of 
JMJD3, which lacks the enzymatic jumonji C domain, failed to acti- 
vate neuronal genes in the neural stem cells (Fig. 4e), indicating that 
the catalytic functions of JMJD3 permit the neurogenic program to 
unfold. 

Many jumonji-C-domain containing proteins catalyse removal 
of methylated histone tails but nevertheless show distinct substrate 
specificity among various protein families*’”’. In vitro histone 
demethylase assays revealed selective removal of H3K27me3 (Fig. 
4f) and expression of full-length JMJD3, but not of jumonji-C- 
domain deleted protein, resulted in a dramatic decrease of global 
trimethyl histone H3K27 level (Fig. 4g), indicating that JMJD3 
demethylates H3K27me3. Other histone modifications evaluated, 
including H3K27me2, were not diminished by overexpression of 
JMJD3. Our data demonstrate that JMJD3 is a functional demethy- 
lase that specifically targets histone H3K27me3 and this function 
has been independently reported for both JMJD3 and the highly 
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homologous UTX protein (while this manuscript was under 
revision*>*°), 

Trimethyl K27 modification is important in transmitting epigenetic 
information during development, imprinting and X-chromosome 
inactivation and has limited reversibility*’. A global ‘passive’ decrease 
of K27me3 has been observed in embryonic stem cell differentiation, 
accompanied by concurrent loss of the Polycomb group protein Ezh2 
(ref. 28), the only known histone methyltransferase that targets K27. 
We observed, however, that Ezh2 levels remain constant after RA- 
stimulated differentiation of neural stem cells (Fig. 4b), prompting 
the suggestion that epigenetic regulation via histone H3K27me3 
modification by the histone demethylase JMJD3 is a contributory 
early event in neural differentiation. Indeed, RA-induced neuronal 
differentiation caused a decrease in histone H3K27me3 and recruit- 
ment of JMJD3 to the Dix5 promoter (Fig. 4h, i). These results are 
consistent with several recent genome-wide location analyses that 
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Figure 4 | Derepression of neurogenic genes promotes neuronal 
differentiation program. a, mRNA levels of JMJD3 in neural stem cells 
(+s.d., **P < 0.005). b, mRNA levels of EZH2 and JMJD3 in the absence or 
presence of RA (10° °M) (+s.d., **P < 0.005). ¢, ChIP of anti-SMRT on the 
JMJD3 promoter (=s.d.). d, ChIP of «-RA receptor on the Jmd3 promoter in 
E14.5 rat embryonic telencephalon (+s.d., **P < 0.005). e, mRNA 
expression levels of neurogenic genes in neural stem cells after transfection 
with the indicated plasmids (+s.d., *P < 0.05; **P < 0.005). f, In vitro 
demethylation assay using anti-Flag immunoprecipitated JMJD3 incubated 
with calf thymus histones and immunoblotted using modification-specific 
antibodies. g, Whole-cell extracts from HEK cells transfected with JMJD3 or 
JMJD3mut immunoblotted modification-specific antibodies. TBP, TATA- 
binding protein. h, ChIP analysis of H3K27me3 levels on the D/x5 promoter 
(+s.e.m., *P < 0.05; **P < 0.005). IgG, immunoglobulin y. i, ChIP of 
JMJD3 on the Dix5 promoter in Flag-JMJD3 transfected HEK cells using 
anti-Flag IgG (+s.d., **P < 0.005). 
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have suggested histone H3K27me3 to be a dynamic marker reflecting 
developmental potential”. 

Our results suggest that expression of JMJD3, a novel histone 
H3K27 demethylase, is regulated in neural stem cell differentiation 
in response to RA by SMRT-dependent, RA-receptor-mediated 
programs, and serves as a mechanistic component of this neuronal 
fate program. Together, our studies have uncovered a specific role of 
SMRT in maintaining the neural stem cell state, defending against an 
ability of unliganded RA receptor to initiate a differentiation pro- 
gram along a neuronal pathway based, at least in part, on the RA- 
dependent regulation of a component of the histone methyl ation/ 
demethylation machinery. 


METHODS SUMMARY 

Cell culture and transfection. Neural stem cells were isolated by dissecting E13 
mouse cortices or E14.5 rat cortices, and cultured in the presence of 10ng ml! 
FGF? as previously described’. NTera2, a human embryonal carcinoma stem cell 
line and U2OS, a human osteosarcoma epithelial cell line, were maintained in 
a-MEM medium supplemented with 10% FBS. Mouse neural stem cells were 
transfected using Lipofectamine 2000 (Invitrogen) and 72h later were fixed for 
immunostaining. Transfection of rat neural stem cells was carried out with 
Amaxa Nucleofactor system (following the manufacturer’s instructions) using 
10° neural stem cells and 10 tg various plasmid DNA for each nucleofection. 
After nucleofection using the A-31 program, neural stem cells were maintained 
in the presence of FGF2 (10 ng ml” ') for 48 h before harvesting RNA for quant- 
itative RT-PCR analysis. 

In vitro demethylase assay. Demethylase assay was performed as described’. 
Briefly, Flag—Jmjd3 was immunoprecipitated and partially purified from 
HEK293 cells and was incubated with calf thymus histones (Sigma) at 37 °C 
for 2-3h in histone demethylation buffer: 50mM HEPES-KOH (pH7.5), 
70 uM Fe(NH4)2(SO4)2, 1mM o-ketoglutarate, and 2mM ascorbate. Histone 
methylation levels were analysed by western blot with specific antibodies. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Targeting construct, gene targeting, and generation of knockout mice. 
Genomic DNA clones encoding the mouse SMRT gene were isolated from a 
Lambda FIXII library made from the 129Sv mouse strain (Stratagene), using a 
mouse SMRT cDNA fragment of residues 3,090—4,035 as a probe. The targeting 
construct was designed to delete four exons containing amino acids 1,038 to 
1,198. The targeting vector contained the splice acceptor from the third exon of 
the rabbit B-globin gene to help prevent random splicing. Genotypes were deter- 
mined by PCR analysis using the following primer pairs: SMRT wild-type 5’: 
GATGTCAGTCCAGCTTCGTG; SMRT wild-type 3’: CCTTG-GTGATGCTT- 
CCACTG; SMRT recombined 5’: CTCACTCGGAAGGAC-ATATG; SMRT 
recombined 3’: CTAGTGAGACGTGCTACTTC). 35 cycles of PCR with an 
annealing temperature of 60°C was performed. The 5’ probe used for both 
Southern and northern blots corresponds to SMRT base pairs 2,760-3,209, while 
the 3’ probe used for the Southern blot corresponds to base pairs 3,114—3,261. 
Transgenic mice expressing full-length SMRT under the «-MHC promoter were 
generated and bred onto a SMRT-null genetic background. 

Histology. Frozen formalin-fixed tissue sections were prepared for in situ 
hybridization and H&E staining as previously described™. Probes for in situ 
analysis were generated by PCR amplifications of 3’ UTR exons. Immuno- 
staining was performed following standard protocols on cells fixed in 4% 
paraformaldehyde/PBS, using AlexaFluor-conjugated secondary antibodies 
(Molecular Probes). 

Reagents and antibodies.. The Flag-JMJD3 construct was cloned by inserting 
full-length mouse Jmjd3 cDNA in frame into p3x FLAG CMV-10 (Sigma) vector 
within HindIII and BamHI sites. The Flag-JMJD3mut was generated by remov- 
ing the carboxy-terminus 410 amino acids, which include the jumonji C domain. 
The following antibodies were obtained from Upstate Biotechnology: anti- 
H3K27me2 (07-031), anti-H3K27me3 (07-449), anti-H3K20me3 (07-463), 
anti-H3K4me3 (07-473), anti-H3K9me3 (07-442), anti-H3K4me2 (07-030), 
anti-H3K36me3 (07-549), anti2 H3K4me2 (07-030), anti-pan-histone 
(06-755). Additionally, we used anti-H3K79me3 (Abcam, ab2621), mouse 
anti-Flag M2 (Sigma) and anti-TBP (Santa Cruz, sc-33736), rabbit anti- 
NCoR*, rabbit anti-SMRT (ABR, PAI-842), mouse anti-TuJ1 (Babco), rabbit 
anti-GFAP (Chemicon), nestin (DSHB), and anti-f-Gal (Cappel), Ki67 (Novus) 
and cleaved caspase-3 (Cell Signalling Technologies) antibodies. 
Immunoprecipitation and immunoblotting. For immunoprecipitation and 
immunoblotting, cells were rinsed in PBS, harvested and lysed in NETN buffer 
in the presence of protease inhibitors (Roche) and 1 mM phenylmethylsulpho- 
nylfluoride (PMSF). After sonicating briefly and clearing by centrifugation, the 
concentration of the extracts was determined using a Bradford protein assay kit 
(Sigma) and 20 lg extracts were boiled in SDS sample buffer and loaded directly 
onto a 4—12% bis-tris NuPAGE gel (Invitrogen), transferred onto PVDF mem- 
branes (Millipore) and western blotting was performed following standard 
protocols. For immunoprecipitation, extracts were incubated with anti-Flag 
antibody (Sigma) overnight at 4 °C, followed by incubation with protein A/G 
agarose beads (Santa Cruz Biotech), washed extensively, and proceeded to in vitro 
enzymatic activity assay. 

Chromatin immunoprecipitation. Chromatin immunoprecipitation was per- 
formed as described****. Essentially, HEK and NTera2 cells were grown in 
DMEM or o-MEM respectively with 10% charcoal-stripped medium for 48— 
72h and then treated with 1 uM retinoic acid for different times. Embryonic 
telecephalons were dissected and dispersed mechanically with cell strainer (BD 
Bioscience). Cells were crosslinked with 1% formaldehyde and the extracts were 
sonicated until the DNA fragments were 300-800 base pairs in average size. 
Crosslinked material was immunoprecipitated with 1-5 pg of the specific IgGs 
overnight at 4°C and followed by incubation with protein A-sepharose beads 
(Sigma) for an additional 2h. After extensive washes, the isolated complexes 
were eluted and the crosslinking was reversed by heating at 65°C overnight. 
Immunoprecipitated DNA was recovered by purification on QIAquick spin 
columns (Qiagen) and analysed by 25-30 cycles of PCR. The primers we used 
are: hDIx5-F, TCCTTCTTGCCTCCATCCTA; hDlx5-R, GGGGACAATGTG- 
TTCCAATC; hJD3-f, CCAGGAGAGAGAAGGCACAG; hJD3-R, AGAAACCC- 
AGGCGTCCTTAT; rDCX-F, GCTTGATGGAGAGAGGGTTTGA; rDCX-R, 
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CCAAGGTTAGCATCTCCAGCAT; rDLLI-F, GCTTTGCGATAGTGGAAGAG; 
rDLL1-R, GAAGAGAGCCCAGATGTTCA; rDLX5-F, TAGGCAATGACAAA- 
GTATTCAGGA; rDLX5-R, TCTCAAGACTCCACAGAGATGTTC; rgad1-F, 
CGAACGAGGTAGTTTGGAGA; _ rgad1-R, CCCGTATCTTGGAGGAGATT; 
rGFAP-f, GTTCCCAGGAAACCCTTGACTC; rGFAP-R, GTGATACGTCTC- 
CGCTCCATCT; rHES5-F, GTTCCAGGTGGAGGGACACTCT; rHES5-R, 
GCATTTTGTGTGTGGGGAGGTA; rJD3-F, ATGACCGGATTCCCTAGGAT; 
rJD3-R, ACGTGCACTGGTGACATCAT; rNKX6.2-F, TCCCTGCCTTCTTT- 
CTCTCTGA; rNKX6.2-R, GCCGGCTCGGGAAGTTTG; rOLIG2-F, CCTCCA- 
CCCAGCTATAAAAACCAG; and rOLIG2-R, CCTAAGTCCTAGCCGAGTT- 
GGAAA. 

RNA isolation and RT-PCR analysis. Cells were lysed directly on culture dishes 
in the presence of a highly denaturing buffer (RNeasy kit, Qiagen). The lysate, 
collected with a cell scraper, was pipetted directly onto a QIAshredder spin 
column (Qiagen) to shear the genomic DNA. Ethanol was added to adjust the 
binding conditions, and the sample was applied to an RNeasy spin column for 
binding of total RNA, following the manufacturer’s protocol (Qiagen). First- 
strand cDNA synthesis from total RNA was carried out with mixture of oligodT 
and random primer using SuperscriptIII (Qiagen). The resulting cDNA was 
analysed by quantitative PCR (Stratagene MX3000p) using the following oligos: 
mJmjD3-F, GGACTCCGTCTGCTATCTGC; mJmjD3-R, ATGACCGGATTC- 
CCTAGGAT; mNIF3L1-F, GGAGAACATTAGAGTCCCAAGTCA; mNIF3L1- 
R, TCAAAGTGAACACCCAGCATTTC; rCUTL2-F, CATGGAGCAAGCTGA- 
CACAG; rCUTL2-R, GAGGTGATGGTGAGGACGTT; rDcx-F, GCAAGCTC- 
AAATCTTCAGTTACAG; rDcx-R, TCGTTCGTCAAAATGTCCAA; rDLX5-F, 
CTGGCCGCTTTACAGAGAAG; rDLX5-R, CTGGTGACTGTGGCGAGTTA; 
rEmx1-F, ACTTCTACCCCTGGGTGCTT; rEmx1-R, GCACCCACCACGTAG- 
TGATT; rEMX2-F, ACCTTCTACCCCTGGCTCAT; rEMX2-R, TAAAAGCT- 
GGGACGGAGAGA; rEZH2-F, GCCATTTCCTCAATGTTTCCAG; rEZH2-R, 
TCGTCGACAAAAGAGCGTATGA; rFOXP2-F, CTTTCTAAGGAACGCGAA- 
CG; rFOXP2-R, ACTGGCTGGGGTGATTACTG; rFzl2-F, CAAGGTGTTCA- 
ATGCTCACTATAAC; rFzl2-R, GCCGCACTGGTTACACTTATG; rGad1-F, 
GTGAGTGCCTTCAGGGAGAG; rGad1-R, CGTCTTGCGGACATAGTTGA; 
rGad2-F, CTGTGTACGGGGCTTTTGAT; rGad2-R, TG@CATCAGTCCCTCC- 
TCTCT; rGUSB-F, GCCAATGAGCCTGTCTCTTC; rGUSB-R, CTCCAGAT- 
GCCCGTAGTCAT; rJmjd3-F, AATGATCAAGTTCTGCCTCCTG; rJmjd3-R, 
TGTTGAACACCTCCACATCG; rNEFL-F, GGACAAGCAGAATGCAGACA; 
rNEFL-R, CTACCCACGCTGGTGAAACT; rNif3l1-F, CTTTTCCTGCCAGG- 
TGTGAT; rNif3ll-R, CAAGCGTCCCATTCCAGTAT; rNKX2.2-F, GCCAT- 
CTCCCGCTTCATG; rNKX2.2-R, CGCCGACAGGTACTTCTGCT; rOtx1-F, 
GTTCGCAAAGACTCGCTACC;  rOtxl-R, CCGGAGACGACTTCTTCTTG; 
rPvalb-F, GCGGATGATGTGAAGAAGGT; and rPvalb-R, TTCTTCAACCCC- 
AATCTTGC. 

RNA profiling. RNA was prepared from individually cultured cells of E12.5 
cortex from wild-type and SMRT ’ embryos 10 h after plating or RA treatment. 
RNA quality was assessed using the Agilent Bioanalyser 6000 Pico LabChip. 
100 ng of total RNA was labelled with Cy-3 or Cy-5 using the Agilent Low 
RNA Input Fluorescent Linear Amplification Kit. A dye-swap design was 
employed. Labelled cDNA was hybridized to the Agilent 44K Whole Mouse 
Genome Array. Data was collected using the Agilent Microarray Scanner and 
Feature Extraction Software, using a Lowess option with spatial detrend to 
extract genes of interest with more confidence than through the use of fold- 
change only. Experiments were performed in triplicate, with litter-matched wild- 
type and mutant samples. 
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Neural substrates of awakening probed with 
optogenetic control of hypocretin neurons 


Antoine R. Adamantidis'*, Feng Zhang**, Alexander M. Aravanis”, Karl Deisseroth’” & Luis de Lecea’ 


The neural underpinnings of sleep involve interactions between 
sleep-promoting areas such as the anterior hypothalamus, and 
arousal systems located in the posterior hypothalamus, the basal 
forebrain and the brainstem'’. Hypocretin® (Hert, also known as 
orexin*)-producing neurons in the lateral hypothalamus’ are 
important for arousal stability’, and loss of Hcrt function has been 
linked to narcolepsy*°. However, it is unknown whether electrical 
activity arising from Hert neurons is sufficient to drive awakening 
from sleep states or is simply correlated with it. Here we directly 
probed the impact of Hcrt neuron activity on sleep state transi- 
tions with in vivo neural photostimulation”’ ’’, genetically target- 
ing channelrhodopsin-2 to Hert cells and using an optical fibre to 
deliver light deep in the brain, directly into the lateral hypothal- 
amus, of freely moving mice. We found that direct, selective, 
optogenetic photostimulation of Hcrt neurons increased the prob- 
ability of transition to wakefulness from either slow wave sleep 
or rapid eye movement sleep. Notably, photostimulation using 
5-30 Hz light pulse trains reduced latency to wakefulness, whereas 
1 Hz trains did not. This study establishes a causal relationship 
between frequency-dependent activity of a genetically defined 
neural cell type and a specific mammalian behaviour central to 
clinical conditions and neurobehavioural physiology. 

To target genetically expression of channelrhodopsin-2 (ChR2) to 
Hcrt neurons, we used a lentivirus carrying the 3.1-kilobase (kb) 
mouse prepro-hypocretin (Hert, which encodes hypocretin 1 and 
hypocretin 2) gene promoter'®”® (Fig. la). The specificity of 
lentivirus-mediated expression was tested by stereotactic delivery 
of concentrated Hert::ChR2-mCherry lentiviruses (>10° plaque- 
forming units (p.fu.)ml~') into the lateral hypothalamus of 
Hert::EGFP transgenic mice”. Expression persisted for at least 
2months (Fig. 1b). Out of 748 total enhanced green fluorescent 
protein (EGFP)-expressing Hert cells in the targeted lateral hypothal- 
amus of transduced animals, 658 cells were positive for ChR2- 
mCherry (87.9 + 0.9%, Fig. 1c) and ~97% of mCherry-expressing 
cells also clearly co-expressed EGFP (96.9 + 1.3%, n=3 animals; 
Fig. Ic). 

To test whether ChR2-expressing Hcrt neurons could precisely 
respond to light pulses, we used the whole-cell voltage-clamp 
technique to measure photocurrents in acute lateral hypothalamus 
brain slices from Hert::EGFP transgenic mice” injected with Hert:: 
ChR2-mCherry lentiviruses. Without the addition of any exogenous 
all-trans-retinal’’, all of the cells co-expressing ChR2—mCherry (red) 
and EGFP (green) in the hypothalamus exhibited photocurrents with 
a peak amplitude of 182 = 86 pA (mean + s.d., n= 7 cells; example 
photocurrent shown in Fig. 1d). In contrast, the occasional EGFP- 
negative neurons that exhibited dim red fluorescence after virus injec- 
tion did not respond to blue light under whole-cell patch clamp (n = 5 
out of 5 cells from 3 animals). In the cells co-expressing EGFP and 


mCherry, continuous light illumination for 1s evoked robust action 
potential trains under current-clamp conditions (Fig. le) with firing 
frequencies ranging from 8 to 25 Hz. Moreover, as in hippocampal 
neurons”, 15-ms blue-light pulses were able to drive reliable action 
potential trains from 1 to 50 Hz under whole-cell current-clamp con- 
ditions (Fig. 1f), although reliability decreased slightly with increasing 
frequency (Fig. 1g). At 20 Hz, 100% of light pulses gave rise to action 
potentials, whereas at 50 Hz, 84 + 14% of light pulses gave rise to 
action potentials (1 = 6 cells; Fig. 1g). We found that basal properties 
including input resistance (366 + 43 MQ, n= 6)! and resting mem- 
brane potential were unaltered by ChR2—mCherry expression 
(P > 0.05; Fig. 1h). Together, these data show that lentivirus-mediated 
expression of ChR2—mCherry in Hert neurons is well tolerated, spe- 
cific and sufficient to drive precise and reliable action potential firing 
across a range of frequencies. 

We next studied the effect of photostimulation of Hert::ChR2- 
mCherry neurons on the sleep—wake cycle of freely moving mice. 
Hert::ChR2-mCherry or Hert::mCherry (control) lentiviruses were 
stereotactically delivered to the lateral hypothalamus; to determine 
the behavioural consequences of Hcrt neuron activation, we quanti- 
tatively analysed sleep recordings of mice chronically implanted with 
electroencephalographic (EEG) and electromyographic (EMG) elec- 
trodes (Fig. 2a). Under baseline conditions, the spontaneous sleep— 
wake cycle of Hert::ChR2-mCherry transduced animals was not dif- 
ferent from Hert::mCherry control animals (P > 0.05, n = 4 animals; 
Supplementary Fig. 1). We coupled a 200-j1m optical fibre to a 
20-mW 488-nm diode laser to deliver light into the lateral hypothal- 
amus (Fig. 2a), and fed the optical fibre through the same cannula 
guide used to deliver the lentiviruses. We measured light scattering in 
mouse lateral hypothalamus tissue slices (Fig. 2b, c), and estimated 
that a volume of 0.5mm’ received at least 1mWmm ° (required 
for ChR2 activation'®), consistent with the estimated volume of the 
Hert neuronal field (~0.56 mm?) (Fig. 2c). We found that in vivo 
photostimulation (pulse trains (10s, 20Hz) delivered once per 
minute over 10 min) significantly increased the percentage of Hert 
neurons expressing the c-Fos protein (a marker of neuronal activity) 
in Hert::;ChR2-mCherry animals compared to the Hert::mCherry 
control animals (65.26 + 4.29% versus 25.72 + 5.38%, respectively, 
P<0.01; see Supplementary Fig. 3). This result suggests that in vivo 
photostimulation efficiently activates the Hcrt neuron population. 

To test systematically for a causal role of Hcrt neurons in awaken- 
ing, we next quantitatively measured latency of sleep-to-wake transi- 
tions from either slow wave sleep (SWS) or rapid eye movement 
(REM) sleep in animals transduced with either Hert::ChR2- 
mCherry or control lentiviruses (Fig. 3a). On the basis of previous 
electrical recording of Hcrt neuron activity in vivo’*”’, we stimulated 
each animal with 10s of light illumination, either in the form of 
pulsed light flashes (15-ms pulse width) ranging from 1 to 30 Hz, 
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or 10s of continuous illumination. To quantify the effect of each 
stimulation frequency, we measured the latency between the end of 
the photostimulation and the next transition to wakefulness (see 
Methods for description of the sleep-wake cycle criteria used; 
Fig. 3b, c). Light pulses at 1 Hz did not result in a significant change 
in latency of SWS or REM sleep to wakefulness in Hert::ChR2- 
mCherry animals compared to their controls or their unstimulated 
baseline recording (P > 0.05; Fig. 3b, c). However, photostimulation 
of Hert neurons at frequencies between 5 and 30 Hz during SWS sleep 
markedly reduced the latency to wakefulness of Hert::ChR2-mCherry 
animals compared to control animals (P< 0.0001 for all compari- 
sons with control; Fig. 3b and Supplementary Movie 1). Ten-second 
continuous light stimulation (ON), expected from our in vitro work 
to give rise to >5 Hz firing of the Hcrt neurons, elicited a similar 
effect (P<0.0001; Fig. 3b). We also systematically studied the 
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Figure 2 | Integrated in vivo optical and physiological system for control of 
the lateral hypothalamus in the setting of behavioural analysis. a, Schematic 
of the behavioural set-up used for in vivo deep-brain photostimulation in 
mice. Magnification (inset) shows the EEG/EMG connector used for sleep 
recording and the cannula guide used for lateral hypothalamus light delivery 
through an optical fibre. b, Schematic of experimental set-up, showing 
relationship between the optical fibre, brain tissue and attenuating light. r, 
optical fibre radius; z, tissue depth from fibre end; qajy, the half-angle of 
divergence. LH, lateral hypothalamus. ¢, Normalized light intensity 

(mW mm ”) as a function of lateral hypothalamus tissue depth z. Values 
were experimentally determined as previously described" by measuring the 
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Figure 1| Genetically targeted cell-type-specific optical control of Hert 
neurons using ChR2. a, Schematic diagram showing lentiviral vectors 
carrying the genes for ChR2-mCherry or mCherry driven by the 3.1-kb 
mouse Hert promoter’®”’. The lentiviral backbone is derived from pLenti- 
CaMKIIa-ChR2-mCherry”’. LTR, long terminal repeats; RRE, Rev 
responsive element; WPRE, woodchuck post-transcriptional regulatory 
element. b, Images of Hcrt neurons (green, Hert::EGFP) co-expressing 
ChR2-mCherry protein (red) in the adult mouse lateral hypothalamus 
(scale bar, 20 tum). Hert and mCherry expression was detected by double- 
fluorescent immunohistochemistry (see Methods). ¢, Lentiviral Hert::ChR2- 
mCherry expression is highly specific to the Hert::EGFP neurons. 

d, Hert::ChR2-mCherry neurons in the lateral hypothalamus can be 
electrically controlled with light. Voltage-clamp recording of a neuron 
expressing ChR2—mCherry in acute lateral hypothalamus slice shows inward 
photocurrent evoked by illumination with blue light. e, Neurons expressing 
Hert::ChR2-mCherry in acute lateral hypothalamus brain slices under 
current-clamp conditions fire action potentials on illumination with 1s of 
continuous blue light. Two sweeps are superimposed. f, Blue-light pulse 
trains (15 ms per pulse, 20 Hz) evoked reliable firing of action potential 
trains. Two consecutive sweeps are superimposed, showing temporal 
precision of evoked action potential trains even in the presence of basal 
spontaneous activity (spontaneous activity in Hcrt neurons in vitro is 
expected, as previously reported”’). Fifteen-millisecond light pulses are 
indicated by blue bars. g, Light-evoked spike trains are reliable over a range 
of frequencies. The percentage of action potentials evoked by 20 light pulses 
at the indicated frequency (15-50 Hz) is shown (n = 6). h, Comparison 
between the resting membrane potential of ChR2—mCherry/EGFP double- 
positive (n = 7) and EGFP-only (n = 5) neurons; ChR2—mCherry 
expression does not significantly alter basal electrical properties of the Hert 
neurons. Error bars, s.e.m. 


effect of different stimulation frequencies on the latency of REM 
sleep-to-wake transitions, finding that 5-20Hz stimulation and 
constant illumination robustly decreased the latency to wakefulness 
in Hert::ChR2-mCherry animals compared to control animals 
(P<0.05; Fig. 3c and Supplementary Movie 2). Photostimulation 
effects were consistent not only across frequencies but also across 
animals, as pooled wake latency values from both SWS and REM 
sleep for each animal revealed significant differences between experi- 
mental and control animals (Hert::mCherry versus Hert::ChR2- 
mCherry: SWS sleep, 57.27 + 2.67s and 33.11 + 2.12s, respectively 
(Fig. 4c); REM sleep, 57.90 + 3.25 s and 30.29 + 2.88 s, respectively; 
P<0.05, Student’s t-test). The Hert-neuron-driven latencies to 
awakening were not fixed; instead, photostimulation shifted the dis- 
tribution of sleep-to-wake latencies (Fig. 3d, e). Exemplar cumulative 
probability histograms are shown for 20 Hz and 1 Hz superimposed 
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light intensity after transmission through a given tissue thickness and 
dividing by the intensity of the light emanating from the optical fibre tip. 
Tissue of different thickness was prepared in the form of acute brain slices 
from adult C57BL/6 mice. Error bars indicate one standard deviation from 
the mean. Sample size: 0.2 mm, n = 8; 0.4mm, n = 6; 1 mm, n = 2. Fits were 
produced using the Kubelka—Munk model of light transmission through 
diffuse scattering media as previously described'*. We estimate that by 
placing the tip of the optical fibre at the upper limit of the lateral 
hypothalamus, at least 1 mW mm 7 of light, which is sufficient to activate 
ChR2"°, reaches the entire Hert field (0.75 mm (medial-lateral) < 0.75 mm 
(dorso-ventral) X 1 mm (rostro-caudal)). 
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on respective control distributions, indicating that specific activation 
of Hcrt neurons increases the probability of awakening from either 
SWS (Fig. 3d) or REM sleep (Fig. 3e). 

Effects of photostimulation seemed to be limited to the sleep-to- 
wake transition, as durations of the waking events after light delivery 
were not significantly different between Hert::ChR2-mCherry and 
Hert::mCherry control animals (P> 0.05 for each frequency; data 
not shown). To test further whether Hcrt neuron stimulation 
specifically modulated arousal state transitions, we developed a 
semi-chronic photostimulation protocol (pulse trains (10s, 20 Hz) 
delivered once per minute over 1h), and quantified behavioural state 
transitions and durations during the entire period. We found that this 
stimulation paradigm increased the number of SWS sleep-to-wake 
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transitions in Hert::ChR2-mCherry animals compared to the control 
animals (P< 0.05, two-way analysis of variance (ANOVA) followed 
by Bonferroni post-hoc tests; Supplementary Table 1) but not 
total wake, SWS and REM amounts (P> 0.05, two-way ANOVA; 
Supplementary Table 2) or total EEG power characteristics 
(P > 0.05, two-way ANOVA; Supplementary Fig. 2a, b). The relative 
rarity of REM sleep events (due to the increase in SWS sleep-to-wake 
transitions) was probably responsible for the absence of change in 
REM sleep-to-wake transitions in Hert::ChR2-mCherry animals com- 
pared to the control animals in this protocol, as photostimulation was 
delivered at fixed intervals, independent of vigilance states. 

Do these genetically targeted and photosensitized neurons influ- 
ence neural circuitry via Hcrt release? We administered the Hert 
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Figure 3 | In vivo photostimulation of Hcrt neurons drives sleep-to-wake 
transitions. a, Representative EEG/EMG recordings showing awakenings after 
a single bout of photostimulation (15 ms, 20 Hz, 10s) in Hert::ChR2-mCherry 
and Hert::mCherry (control) animals during SWS (upper traces) and REM 
sleep (lower traces). Light stimulations are represented by horizontal blue bars. 
Awakening events are indicated by vertical black arrows according to the 
described criteria (see Methods). Panels (right) show representative relative 
cortical EEG power spectra corresponding to the SWS and REM sleep-to-wake 
transitions highlighted with boxes on the EEG traces (left). b, c, Latencies of 
wake transitions during SWS (b) and REM sleep (c) of Hert::ChR2-mCherry 
transduced animals (n = 7) and their controls (n = 6) after a single 
photostimulation bout at different frequencies (15-ms light pulses, at 1-30 Hz, 
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during 10s; ON, continuous light illumination of 10s). Data analysis is based 
on an average of 15 and 5 stimulations per frequency and per mouse during 
SWS and REM sleep, respectively. Paired comparison between control 
conditions for SWS and REM sleep-to-wake transitions did not reveal any 
significant differences (P > 0.05, two-tailed Student’s t-test). Latencies are 
represented as mean + s.e.m. Asterisk, P < 0.05; double asterisk, P < 0.001; 
triple asterisk, P< 0.0001 using a two-tailed Student’s t-test between mCherry 
control (red) and ChR2 animals (blue) for each frequency. d, Cumulative 
probability distribution of latencies from SWS to wakefulness after light 
stimulation (mCherry control, red curve; ChR2, blue curve). e, Cumulative 
probability distribution of latencies from REM sleep to wakefulness after light 
stimulation (mCherry control, red curve; ChR2, blue curve). 
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Figure 4 | Behavioural transitions induced by photostimulation are 
mediated by Hert. a, b, Effect of the Hcrt receptor 1 antagonist $B334867 
(ref. 24) on latencies of light-induced wake events during SWS (a) and REM 
sleep (b) in Hert::ChR2-mCherry transduced animals (n = 3) and their 
controls (n = 3) after single bouts of 20 Hz photostimulation (15 ms, 10s). 
Data analysis is based on an average of ten and three stimulations per 
frequency and per mouse for SWS and REM sleep, respectively. At the doses 
tested here, $B334867 had no effect on the latency of SWS and REM sleep-to- 
wake transitions after photostimulation in Hert::mCherry control animals. 
Latencies are represented as mean = s.e.m. Asterisk, P < 0.05 using a paired 
Student’s t-test between saline and drug conditions. c, Latencies of SWS 
sleep-to-wake transitions of Hcrt knockout (KO) animals compared with our 


receptor 1 antagonist SB334867 (ref. 24) 45 min before EEG/EMG 
recordings and in vivo photostimulation with 10-s trains of 20 Hz, 
15-ms light pulses. As expected, 20 Hz photostimulation gave rise to 
brief-latency SWS and REM sleep-to-wake transitions in vehicle- 
treated animals (Fig. 4a, b). However, administration of a single dose 
of $B334867 (30mgkg ') blocked the photostimulation effect for 
both SWS and REM sleep-to-wake transitions (Fig. 4a, b; P< 0.05, 
paired t-test). A lower dose of the drug (15 mg kg” ') hada similar but 
reduced effect (P< 0.05 for SWS sleep-to-wake transitions; P = 0.07 
for REM sleep-to-wake transitions, paired Student’s t-test; Fig. 4a, b, 
respectively). Furthermore, photostimulations at 5-30 Hz were less 
effective at reducing SWS sleep-to-wake latencies in Hert::ChR2- 
mCherry-transduced Hert knockout mice compared with wild-type 
mice (Fig. 4c), demonstrating that Hert release is involved in the 
behavioural effects. However, the effect of photostimulation on wake 
latency seemed not to be completely blocked in Hert knockout 
animals, suggesting a possible role of other neurotransmitters (glu- 
tamate, dynorphin) co-expressed in Hert neurons. 

This study directly establishes a causal link between electrical acti- 
vity of Hcrt neurons and sleep-to-wake transitions. Using optoge- 
netic technology, we found that we were able to target specifically 
Hert neurons for photostimulation in vitro, and that activation of 
Hert neurons at 5 Hz and above (but not at 1 Hz) resulted in a robust 
decrease in sleep-to-wake latencies from SWS or REM sleep in vivo. 

Increased probability and number of transitions during repeated 
stimulation of Hert cells suggests a modulatory mechanism by which 
the Hert neural network promotes the initiation of arousal. Hert 
neurons might have additional roles under other conditions than 
those explored here in many aspects of sleep, including wake main- 
tenance and other arousal-related behaviours. Arousal stability might 
result from Hert activation and divergent modulation of other arousal 
circuits such as the glutamatergic, cholinergic, histaminergic and 
dopaminergic systems. The effects seen with even unilateral stimu- 
lation suggest that Hcrt neurons have a potent and causal role in 
driving awakening; bilateral photostimulation could have an even 
stronger effect on the shortening of sleep-to-wake transitions or 
arousal maintenance. Dissection of the causal interactions of the 
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SWS sleep-to-wake latency (s) 


control data; three independent mice were transduced with Hert::ChR2- 
mCherry lentiviruses and received a single photostimulation bout spanning 
the relevant frequencies (1-30 Hz, 15-ms light pulses, during 10s). Hert 
knockout data analysis is based on an average of 20 stimulations at different 
frequencies (1-30 Hz) per mouse during SWS. Latencies are represented as 
pooled mean + s.e.m. values. Triple asterisk, P< 0.0001, indicates the 
significant difference between control mCherry and ChR2 animals using a 
two-tailed Student’s t-test. Asterisk, P < 0.05, indicates significant difference 
using a two-tailed Student’s t-test between ChR2 and Hert knockout ChR2 
animals. No significant differences in latencies to wakefulness were found 
between control mCherry and Hert knockout ChR2 animals. 


Hert system with these other neuromodulatory systems may now be 
possible with selective control of the Hert population. Because Hert 
deficiency results in arousal instability associated with narcolepsy, 
further insights into sleep disorders may result. Indeed, this demon- 
stration that selective activation of genetically identified neurons can 
influence a complex behaviour like sleep raises the possibility that this 
optical technology could be extended to probing the circuit bases of 
other neurobehavioural and neuropsychiatric disorders. 


METHODS SUMMARY 

Plasmid and virus preparation. The 3,086-base-pair (EcoRI-Sacl) mouse 
Hert promoter'’”® was used to replace the CaMKIIx promoter in the 
CaMKUa::ChR2-mCherry lentivirus vector. The Hert::mCherry control viruses 
were made by swapping ChR2-mCherry with mCherry alone. High-titre lenti- 
viruses were produced as described”. 

Slice preparation and electrophysiology. Recombinant Hert::ChR2-mCherry 
lentivirus was stereotactically injected into the lateral hypothalamus (anteropos- 
terior, 1.6 mm; mesolateral, 0.75 mm; dorsoventral, 5.0 mm)”° of 5—6-week-old 
Hert::EGFP mice’! as described’. Coronal slices (250 um) were prepared and 
Hcrt neurons were identified via GFP fluorescence and recorded as described”'. 
In vivo light delivery and sleep recordings. All of the experiments described 
here were conducted during the same circadian period (12:00-18:00). Each 
stimulation was applied 15s after the occurrence of a stable SWS or REM sleep 
event as detected by online EEG/EMG analysis. Latencies of light-induced sleep- 
to-wake transitions were measured by off-line scoring of the EEG/EMG record- 
ings as described”** (see Methods). 

Statistical methods. Latencies of sleep-to-wake transitions were analysed using 
the Student’s t-test. Pharmacological studies were analysed using a two-tailed 
paired Student’s t-test. Two-way ANOVA was used to detect significance in the 
long-term stimulation experiments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Animals. Mice were housed in individual plexiglass recording cages in temper- 
ature- (22 + 1 °C) and humidity (40-60%)-controlled recording chambers (cus- 
tom-designed stainless steel cabinets with individual ventilated compartments) 
under a 12h/12h light/dark cycle (starting at 7:00). Food and water were avail- 
able ad libitum. All the experiments were carried out in accordance with the 
guidelines described in the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals. 
Immunocytochemistry. To verify the phenotype of neurons that expressed the 
ChR2-mCherry fusion protein, infused transgenic Hert::EGFP mice were anaes- 
thetized with isofluorane and perfused transcardially with physiological saline 
followed by 4% paraformaldehyde in PBS (pH 7.4). The brains were dissected 
out and post-fixed in the same fixative overnight at 4°C and finally cryo- 
protected in 30% sucrose dissolved in PBS for 48h at 4°C. Thirty-micrometre 
coronal sections containing the lateral hypothalamus were washed in phosphate- 
buffered saline (PBS; pH 7.4), treated with 0.3% Triton X-100 (PBST), and 
immersed in a blocking solution consisting of 4% bovine serum albumin dis- 
solved in PBS. Some sections were immunostained with rabbit antiserum against 
DsRed proteins (1:1,000; Clontech). A secondary anti-rabbit immunoglobulin 
conjugated to biotin was used before an amplification of the signal using the ABC 
kit (Vector) and TSA kit (NEN Life Science Products). Briefly, sections were 
washed in PBST for 3 X 10 min, and incubated for 1 h at room temperature with 
an anti-rabbit biotinylated conjugate diluted in PBST. Sections were then washed 
three times in PBST and incubated with the TSA kit for 15 min. After washes, 
sections were finally incubated with a streptavidin—Alexa-fluor 596 conjugate 
(Molecular Probes) diluted 1:1,000 in PBST for 1h at room temperature. 
c-Fos and Hert double immunostaining was performed on brain sections 
from Hert::ChR2 and Hert::mCherry transduced animals (n = 5 and 6, respec- 
tively). Briefly, 2-3 weeks after lentivirus injection, animals were photostimu- 
lated (light pulse trains of 10 s at 20 Hz every minute for 10 min) and perfused 1 h 
after stimuli. Brains were post-fixed and cryoprotected as described above. 
Coronal brain sections containing the lateral hypothalamus were successively 
incubated in (1) a rabbit antiserum to c-Fos (1:1,000, Calbiochem) in PBST 
supplemented with 4% bovine serum albumin (BSA, Sigma) for 1 day at 4°C; 
(2) a biotinylated anti-rabbit IgG solution (1:1,000, Vector Laboratories) in 
PBST; and (3) an ABC-peroxidase solution (1:1,000, Vector Laboratories) both 
for 60min at room temperature. Finally, sections were stained using 3,3'- 
diaminobenzidine-4 HCl and nickel solution (DAB-Ni; Vector Laboratories) 
to obtain dark-purple staining. Four washes in phosphate buffer were performed 
between each step. The c-Fos-stained sections were incubated in a goat anti- 
serum to Hert (1:5,000; Santa Cruz) in PBST/BSA 4% for 2days at 4°C. 
Amplification steps were similar to those described above but the final step 
was performed in DAB solution without nickel to obtain brown staining. 
Finally, the sections were mounted on slides, dried and coverslipped with 
permaslip. 

Sections were washed, mounted and coverslipped, and examined with a 
fluorescence microscope (Carl Zeiss). Digital images from the microscopy were 
slightly modified to optimize for image resolution, brightness and contrast in 
Adobe Photoshop 7.0 (Adobe Systems), to represent optimally the immuno- 
histochemistry observed. 

Hert-positive and Hcrt-positive/c-Fos-positive neurons were counted in each 
hypothalamic structure (within both ipsilateral and contralateral sides of injec- 
tion site) present on at least four Hcrt/c-Fos double-labelled sections for each 
animal. Lateral hypothalamus coronal section maps were made according to the 
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mouse brain atlas*® to represent the placement of the cannula guide in each 
animal. 

Polysomnographic recording and analysis. For sleep—wake cycle recording, the 
EEG signals were recorded from two electrodes placed on the frontal (AP, —2; 
ML, +1) and temporal (AP, 3; ML, +2.5) cortices. Two wire electrodes were 
inserted in the neck musculature to record postural tone through EMG activity. 
Insulated leads from the EEG and EMG electrodes were then soldered to a 
miniconnector that was cemented to the skull with meta-bond (Parkell) and 
dental acrylic. Mice were housed individually for at least 10 days after surgery and 
were then connected to commutators with flexible cables for habituation to the 
EEG/EMG recording conditions. Cortical EEG and EMG signals were amplified 
using Grass Instruments (West Warwick) and digitized at 256 Hz using a sleep 
recording system (VitalRecorder, Kissei Comtec). The signals were digitally 
filtered and spectrally analysed by fast Fourier transform (represented in 
Fig. 3a, right panels), and polysomnographic recordings were visually scored 
by 5-s epochs for wake, SWS and REM sleep, as previously described**. The 
following criteria were used. Wakefulness is characterized by desynchronized 
low-amplitude EEG and EMG activity with phasic bursts. SWS is characterized 
by synchronized, high-amplitude, low-frequency (0.25—4 Hz) EEG and reduced 
EMG activity compared to wakefulness. A decrease in the EEG amplitude 
associated with a flat EMG (muscle atonia) and a regular and pronounced theta 
rhythm (4—9 Hz) signalled the onset of REM sleep episodes. Sleep state changes 
were recorded when at least one epoch in a different sleep stage was scored. SWS 
and REM sleep-to-wake transition latencies were calculated as the time from the 
end of the light stimulation (during SWS or REM sleep) to the first event of 
wakefulness. Awakenings occurring during photostimulation were discarded 
from the analysis. The EEG power densities obtained for each state were summed 
over the frequency band of 0.5—40 Hz (total power). To normalize the data, 
all power spectral densities at the different frequency ranges, that is, delta 
(0.5—4 Hz), theta (4.5-9 Hz), alpha (9-15 Hz), were expressed as relative values 
to the total power of the same epochs. Four-second epochs with more than two 
vigilance states were omitted from the EEG power analysis. The full sleep-wake 
cycle of mice is very short compared to human (2-3 min). Consequently, based 
on the EEG/EMG precise criteria and power spectrum analysis of the EEG, mice 
show sleep epochs between 5 and 250 s in duration, with an average of 50 s during 
spontaneous sleep. 

Optical fibres were placed 1 h before experiments (11:00) and removed imme- 
diately afterwards (18:00). Light pulse trains (1-30 Hz) were programmed using 
a function generator (33220A, Agilent Technologies). For each animal, spontan- 
eous sleep—wake cycles as well as light-induced sleep-to-wake transitions were 
characterized. In a first set of experiments, we measured latencies of light- 
induced sleep-to-wake transitions at different frequencies (1-30 Hz and 10s 
continuous illumination). In a second series of experiments, specificity of the 
activation of Hcrt neural network on the light-induced SWS and REM sleep-to- 
wake transitions was assessed by administration of the Hcrt receptor 1 antagonist 
(SB334867, Tocris) before photostimulation (15ms light pulses at 20Hz 
during 10s). Latency to wakefulness was measured as previously described. In 
a third series of experiments, we used an automated long-term stimulation 
protocol (15 ms light pulses at 20 Hz for 10s every minute during 1h) to test 
the behavioural consequences of sustained stimulations of the Hcrt neural net- 
work. The sleep-wake cycle parameters (wake, SWS, REM sleep duration and 
behavioural transitions) were then quantified by off-line scoring of the entire 
hour of stimulation and the corresponding circadian baseline for each animal. 
Polysomnographic scoring was performed blindly by two scorers and was found 
to lie within a 95% confidence interval (x coefficient = 0.840). 
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A synaptic memory trace for cortical receptive 


field plasticity 


Robert C. Froemke’, Michael M. Merzenich' & Christoph E. Schreiner’ 


Receptive fields of sensory cortical neurons are plastic, changing in 
response to alterations of neural activity or sensory experience’. 
In this way, cortical representations of the sensory environment 
can incorporate new information about the world, depending on 
the relevance or value of particular stimuli’*’. Neuromodulation 
is required for cortical plasticity, but it is uncertain how subcor- 
tical neuromodulatory systems, such as the cholinergic nucleus 
basalis, interact with and refine cortical circuits'**. Here we deter- 
mine the dynamics of synaptic receptive field plasticity in the adult 
primary auditory cortex (also known as AI) using in vivo whole- 
cell recording. Pairing sensory stimulation with nucleus basalis 
activation shifted the preferred stimuli of cortical neurons by 
inducing a rapid reduction of synaptic inhibition within seconds, 
which was followed by a large increase in excitation, both specific to 
the paired stimulus. Although nucleus basalis was stimulated only 
for a few minutes, reorganization of synaptic tuning curves 
progressed for hours thereafter: inhibition slowly increased in an 
activity-dependent manner to rebalance the persistent enhance- 
ment of excitation, leading to a retuned receptive field with new 
preference for the paired stimulus. This restricted period of 
disinhibition may be a fundamental mechanism for receptive field 
plasticity, and could serve as a memory trace’” for stimuli or 
episodes that have acquired new behavioural significance. 

A major subcortical nucleus critical for receptive field plasticity is 
nucleus basalis, the main source of cortical acetylcholine*?"4171?7". 
How are neuromodulators such as acetylcholine involved in plas- 
ticity, and what circuit elements do they act on? One possibility is 
that neuromodulation creates a cellular tag or memory trace for 
synaptic events that occurred in conjunction with neuromodulator 
release. However, the effects of acetylcholine on cortical neurons are 
diverse, including increased excitability’”**”’ and suppression of syn- 
aptic transmission’”'””***, and it is unclear how these effects could 
produce long-term response enhancement specific for particular 
stimuli. Extracellular recordings cannot reveal which cellular events 
are responsible for receptive field plasticity, and studies in vitro do 
not permit investigation of receptive fields or subcortical interactions 
with cortical networks. Instead, here we use whole-cell recording and 
nucleus basalis stimulation in the intact brain to determine the syn- 
aptic basis of cortical receptive field plasticity. 

We made in vivo whole-cell recordings from adult rat primary 
auditory cortex (Fig. la). Pure tones of different frequencies 
were played in pseudo-random sequence to the contralateral ear. 
Frequency tuning was characterized in voltage-clamp at hyperpolar- 
ized (-70 mV) and depolarized (—20 mV) levels to reveal tone-evoked 
excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs), 
respectively (Fig. 1b). 

Initially, cortical neurons had similar profiles of excitatory 
and inhibitory frequency tuning, confirming that their levels of 


excitation and inhibition were balanced”®’’. Excitatory and 
inhibitory tuning curves usually had one shared peak at the best 
frequency. There was a high correlation between the relative amounts 
of excitation and inhibition across all frequencies (Supplementary 
Fig. 1). 

After 5-15 min of baseline receptive field characterization, a tone 
was paired repetitively for 2-5 min with electrical stimulation of 
nucleus basalis (‘nucleus basalis pairing’, Fig. 1b) to release endo- 
genous acetylcholine within primary auditory cortex (although other 
substances may also be released’*). Tetanic stimulation (100 Hz, 
250 ms) was performed in a manner similar to natural spiking pat- 
terns of nucleus basalis cholinergic cells”®. 

After cessation of nucleus basalis pairing, we observed large 
changes to synaptic inputs evoked by the paired tone: pairing rapidly 
potentiated tone-evoked EPSCs and depressed IPSCs (Fig. Ic, d). 
Similar results were obtained when conductance and charge transfer 
were measured (Supplementary Figs 2 and 3). Synaptic modifications 
were long lasting and frequency specific (but see below). On average, 
currents evoked by unpaired tones were not significantly altered, 
although we consistently observed that responses to the original best 
frequency were reduced over a longer time course (Fig. 1d). Thus the 
main effect of nucleus basalis pairing is to break the balance between 
excitation and inhibition at the paired frequency. 

Synaptic modifications required paired nucleus basalis and sen- 
sory stimulation. Frequency tuning was not persistently altered when 
nucleus basalis was stimulated in silence or when a given tone was 
repeated without nucleus basalis stimulation (Supplementary Fig. 4a, 
b, d). Surprisingly, this was the case even in current-clamp recordings 
in which tone presentation reliably evoked postsynaptic spikes 
(Supplementary Fig. 4c, d), demonstrating that repetitive pairing 
of tones with postsynaptic spikes does not induce long-term poten- 
tiation of EPSPs at these synapses. 

How do the synaptic modifications observed here correspond to 
previously reported changes in excitability'’** and spike genera- 
tion*”’’? To determine the relation between changes in synaptic 
input and spike output, we made current-clamp recordings from 
primary auditory cortex neurons to measure tone-evoked spiking 
responses before and after nucleus basalis pairing. Before pairing, 
tones generally evoked subthreshold EPSPs or a single spike**’””’. 
As expected, pairing increased spiking evoked by the paired fre- 
quency. This included a dramatic (>7-fold) increase in the probabil- 
ity of firing bursts of 2+ spikes (Supplementary Fig. 5). Consistent 
with the specific increase in firing rate, pairing had no long-term 
effect on input resistance (R;; Supplementary Fig. 5b). Thus, nucleus 
basalis pairing alters the firing mode of cortical neurons, increasing 
the output of primary auditory cortex to enhance the salience of 
particular stimuli such as those with new behavioural relevance*”"’, 


or during periods of increased perceptual demand on attention’>*”. 


‘Coleman Memorial Laboratory and W. M. Keck Foundation Center for Integrative Neuroscience, Department of Otolaryngology, University of California, San Francisco, California 


94143, USA. 


425 


©2007 Nature Publishing Group 


LETTERS 


Synaptic modifications and enhancement of spiking occurred 
not only after nucleus basalis pairing, but also during pairing itself. 
To determine the time course of pairing-induced changes, we exam- 
ined the responses to the paired tone during the pairing procedure 
(Fig. 2). Nucleus basalis pairing suppressed IPSCs within twenty 
seconds, but enhancement of EPSCs took approximately three times 
as long (Fig. 2a—c). Cortical application of atropine, an acetylcholine 
receptor antagonist, prevented the effects of nucleus basalis pairing 
(Fig. 2d)*'’. Therefore, despite the existence of multiple transmitter 
systems in nucleus basalis** and the heterogeneity of cholinergic 
neuromodulation!*!”°*?"*4, the net effects of nucleus basalis 
pairing are suppression of inhibition followed by enhancement of 
excitation. These results suggest that a central role for nucleus basalis 
activation in receptive field plasticity is to trigger spectrotemporally 
restricted disinhibition, permissive for induction of Hebbian syn- 
aptic plasticity’*?"""”. 

We wondered which inputs were modified after nucleus basalis 
pairing. The decoupling of inhibition from excitation implied that a 
primary site of synaptic modification was directly within primary 
auditory cortex. However, it is unclear to what degree extrinsic or 
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Figure 1| Synaptic modifications induced by nucleus basalis pairing. 

a, Experimental configuration. b, Experimental procedure. c, Example of 
pairing-induced modification of synaptic tuning curves. Upper panel, 
excitatory tuning. EPSCs at the paired frequency (2 kHz) increased from 
—54.9 = 10.9 to —92.4 + 6.6 pA (68.4%, P < 0.006, t-test; filled symbols). 
Lines, tuning before (dashed grey) and ~10 min after (solid black) pairing. 
Arrow, paired tone. Lower panel, inhibitory tuning. IPSCs at the paired 
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intrinsic projections mediate cortical plasticity””’"!*'”**. To localize 
the effects of nucleus basalis pairing, we used an additional pair of 
stimulation electrodes to concurrently monitor two distinct inputs: 
one from the ventral division of the thalamic medial geniculate body, 
and one from primary auditory cortex (Fig. 3a). We ensured that 
both stimulation electrodes were in co-tuned areas by making extra- 
cellular recordings of receptive fields through the electrodes. 

We initially recorded electrically evoked synaptic currents by 
intracortical and thalamic stimulation for 5-10 min in the absence 
of sensory stimulation. Then, electrical stimulation was stopped, and 
nucleus basalis stimulation was paired with the best frequency at the 
sites of thalamic and intracortical stimulation for 2-5 min. Finally, 
sensory and nucleus basalis stimulation were stopped, and electrical 
stimulation was resumed (Fig. 3b). 

Nucleus basalis pairing persistently modified synaptic currents 
evoked by intracortical stimulation (Fig. 3c, e) but not thalamic 
stimulation (Fig. 3d, f). These modifications were similar in sign, 
magnitude and duration to changes in tone-evoked synaptic res- 
ponses. Intracortical EPSCs were potentiated, whereas intracortical 
IPSCs were suppressed (Fig. 3e). Thalamocortical EPSCs were 
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frequency decreased from 67.6 + 15.2 to 27.0 + 7.4 pA (—60.1%, P < 0.03; 
open symbols). d, Time course. Uppermost panel, paired frequency 
(excitation: 68.0 + 13.9%, n = 15, P< 0.0007; inhibition: —24.8 + 6.0%, 
P<0.0002). Horizontal bar, nucleus basalis pairing. Middle panel, original 
best frequency. Lowest panel, other unpaired tones. Error bars, s.e.m. NB, 
nucleus basalis; Al, primary auditory cortex. 
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Figure 2 | Rapid suppression of inhibition during nucleus basalis pairing. 
a, IPSCs decreased from 55.7 + 2 to 32.3 + 4 pA (-41.9%, P < 0.002) 41-60 s 
after pairing. Solid line, nucleus basalis pairing. Dashed line, mean current 
before pairing. b, EPSCs increased from —49.5 + 3 to —70.3 + 5 pA (42.0%, 
P<0.01). ¢, Suppression of inhibition occurred before enhancement of 
excitation (inhibition, 20.7 + 9.3 s; excitation, 52.4 + 4.1 s, P< 0.009). Filled 
symbols, excitation (1-20 s, 6.5 + 8.6%, n = 9, P > 0.4; 41-60, 29.8 + 2.2%, 
P<0.003); open symbols, inhibition (1-20 s, —24.5 + 3.8%, n = 6, 

P< 0.005; 41-60 s, —28.1 + 7.0%, P < 0.02). d, Atropine (1 mM) blocked the 
effects of nucleus basalis pairing (n = 4, P > 0.5). Error bars, s.e.m. 
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unaffected (Fig. 3f), and thalamocortical IPSCs were not observed. 
These data suggest that nucleus basalis pairing does not induce 
strengthening of direct thalamocortical input from neurons of the 
ventral division of the thalamic medial geniculate body that are tuned 
to the paired frequency, but it does enhance connections from the 
region of primary auditory cortex initially tuned to that frequency. 
The decrease in intracortical IPSC amplitude demonstrates that one 
location of synaptic modification is directly within primary auditory 
cortex, at the connections between interneurons and excitatory cells. 
However, these results do not exclude potential for modification of 
other synapses elsewhere in the auditory pathway, perhaps on a dif- 
ferent timescale or with other requirements for induction”? 

Finally, we noticed that towards the end of long-term recording 
sessions (~30 min after pairing; Fig. 1d), IPSCs evoked by tones of 
the paired frequency seemed to recover back towards their initial 
amplitudes. This indicated that modification of inhibitory frequency 
tuning occurred with more complex dynamics than enhancement of 
excitation. However, as it was difficult to maintain stable recordings 
for longer than 30+ minutes, we were unable to follow the complete 
evolution of inhibitory modifications within individual recordings. 

To examine the time course of synaptic receptive field plasticity 
thoroughly, we made consecutive whole-cell recordings from the 
same location in primary auditory cortex for hours after nucleus 
basalis pairing in each animal (Fig. 4). To compare synaptic modifi- 
cations across cells, we took advantage of the consistency of fre- 
quency tuning for neurons in a given tonotopic region of primary 
auditory cortex (Supplementary Fig. 1b), and normalized current 
amplitudes to their maximum values across frequencies. 
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For example, the recordings shown in Fig. 4a—d were each made 
from the 16kHz region of primary auditory cortex in the same 
animal. As expected, best frequencies of excitation and inhibition 
for the first recorded neuron were both initially 16 kHz (Fig. 4a, open 
arrowhead). After pairing nucleus basalis stimulation with 4kHz 
tones, we observed a large increase in the excitation—inhibition ratio 
(E:I ratio) at the paired frequency (Fig. 4b, arrow). After this record- 
ing was finished, we obtained another recording from a second cell in 
the same location ~100 min after pairing (Fig. 4c). The best fre- 
quency of excitation for this cell was 4 kHz, but inhibition was maxi- 
mal at 8 kHz. Finally, we recorded a third cell, in the same location as 
the two previous recordings, ~3 h after pairing (Fig. 4d), and found 
that best frequencies of excitation and inhibition were 4 kHz. Thus 
potentiation of excitation was maintained for hours after transient 
nucleus basalis pairing, but after an initial period of suppression, 
inhibition began to progressively increase until it balanced the 
enhanced excitation. 

Re-establishing a normal E:I ratio required approximately two 
hours after completion of nucleus basalis pairing (Fig. 4e, squares). 
This rebalancing reflects the gradual growth of inhibitory strength 
rather than a decrease in excitation at the paired frequency, was 
apparent for continuously recorded neurons (Fig. 4e, circles), and 
was registered as shifts in best frequency (Supplementary Fig. 6). 
Rebalancing required near-continual tonal stimulation. If auditory 
stimulation was turned off for 60-90 min following nucleus basalis 
pairing, suppression of inhibition was maintained and the E:I ratio 
remained unbalanced (Fig. 4f, ‘Quiet’). These data are reminiscent of 
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Figure 4 | Temporal dynamics of synaptic receptive field plasticity. 

a, Frequency tuning before pairing. Arrow, paired frequency (4 kHz; E:I 
ratio, 0.9); arrowhead, original best frequency (16 kHz). b, Same cell as 

a, 30 min after pairing (E:I ratio, 1.78). ¢, Second cell, 100 min after pairing 
(E:I ratio, 1.18). d, Third cell, 180 min after pairing (E:I ratio: 1.0). 

e, Rebalance of E:I ratio at paired frequency. Squares, consecutive recordings 
from cell populations at the same locations (Pop.); dashed line, exponential 
fit; circles, individual continuous recordings from Fig. 1d (Indiv.). f, E:I ratio 
90-120 min after pairing (Tones, E:I ratio increase of 7.5 + 6.9%, n = 12; 
Quiet, E:I ratio increase of 44.6 + 7.9%, n = 6, P< 0.004). Double asterisks, 
P<0.01. Error bars, s.e.m. 


428 


NATURE| Vol 450|15 November 2007 


recent findings showing that the timing of the primary auditory 
cortex critical period can be altered by exposure to different auditory 
environments'*”’. 

We have described here a differential progression for changes in 
cortical excitation and inhibition after nucleus basalis pairing that 
reorganizes primary auditory cortex receptive fields. Although 
nucleus basalis was stimulated only for a brief period, alteration of 
excitatory frequency tuning required 30+ minutes to manifest fully, 
leading to increased preference for paired stimuli. Changes to inhi- 
bitory tuning, however, occurred first and continued for hours after 
nucleus basalis pairing, eventually increasing to balance the changes 
in excitation. These results provide a mechanism for the function of 
nucleus basalis in attentional modulation: focal disinhibition may act 
as a synaptic correlate of heightened attentiveness for novel or mean- 
ingful stimuli. Furthermore, the long-lasting break in the E:I balance 
caused by nucleus basalis pairing maintains the immediate effects 
of nucleus basalis activation, allowing restricted parts of cortex to 
operate in hyperexcitable states independent of further neuro- 
modulation. This transient disinhibition therefore acts as a synaptic 
memory trace for sensory information of increased significance’, 
allowing these stimuli to evoke larger bursts of spikes for a limited 
time while receptive fields are adjusted to represent the new emphasis 
for paired inputs. 


METHODS SUMMARY 


Experimental procedures were approved under UCSF IACUC protocols. 
Experiments were carried out in a sound-attenuating chamber. Female 
Sprague-Dawley rats 3-5 months old were anaesthetized with pentobarbital. A 
stimulation electrode was implanted in right nucleus basalis* and right auditory 
cortex was exposed. Pure tones (0.5-32 kHz, 50ms duration, 60-80dB) in 
pseudo-random sequence were delivered into the left ear canal by a tube sealed 
to a calibrated speaker. The location of primary auditory cortex was determined 
by mapping spike responses using tungsten electrodes*'’. 

In vivo whole-cell recordings were obtained from primary auditory cortex 
neurons located 400-1,100,1m below the pial surface. Patch pipettes 
(5-9 MQ) contained (in mM): 125 Cs-gluconate, 5 TEAC], 4 MgATP, 0.3 
GTP, 10 phosphocreatine, 10 HEPES, 0.5 EGTA, 3.5 QX-314, 2 CsCl, pH 7.2 
(voltage-clamp); or: 135 K-gluconate, 5 NaCl, 5 MgATP, 0.3 GTP, 10 phospho- 
creatine, 10 HEPES, 0.5 EGTA, pH 7.3 (current-clamp). Resting potential, 
—66.0 + 10 mV (s.d.); Rj, 105.1 + 54MQ. 

To make consecutive recordings from the same location of primary auditory 
cortex, subsequent electrodes were positioned at the same penetrations. Currents 
were normalized to the largest across frequencies, and the E:I ratio (EPSC,airea/ 
EPSCpp)/(IPSCyairea/ IPSCgp) was calculated (BF, best frequency). Frequency 
tuning was sampled at 0.5-1 octave intervals, outside of the normal variance 
in best frequency for a given location in primary auditory cortex. 

For microstimulation, stimulation strengths were set at the minimum 
required (=20 1A) to reliably evoke small synaptic events. Intracortical stimu- 
lation electrodes were placed 400—1,000 Lm from recording electrodes. Thalamic 
stimulation electrodes were implanted in the right ventral division of the tha- 
lamic medial geniculate body. 
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BAI is an engulfment receptor for apoptotic cells 
upstream of the ELMO/Dock180/Rac module 


Daeho Park'”, Annie-Carole Tosello-Trampont’, Michael R. Elliott, Mingjian Lu°}, Lisa B. Haney”, Zhong Ma’, 
Alexander L. Klibanov*, James W. Mandell? & Kodi S. Ravichandran?” 


Engulfment and subsequent degradation of apoptotic cells is an 
essential step that occurs throughout life in all multicellular 
organisms’ °*. ELMO/Dock180/Rac proteins are a conserved sig- 
nalling module for promoting the internalization of apoptotic cell 
corpses**; ELMO and Dock180 function together as a guanine 
nucleotide exchange factor (GEF) for the small GTPase Rac, and 
thereby regulate the phagocyte actin cytoskeleton during 
engulfment**. However, the receptor(s) upstream of the ELMO/ 
Dock180/Rac module are still unknown. Here we identify brain- 
specific angiogenesis inhibitor 1 (BAI1) as a receptor upstream of 
ELMO and as a receptor that can bind phosphatidylserine on 
apoptotic cells. BAI] is a seven-transmembrane protein belonging 
to the adhesion-type G-protein-coupled receptor family, with an 
extended extracellular region’ and no known ligands. We show 
that BAI1 functions as an engulfment receptor in both the recog- 
nition and subsequent internalization of apoptotic cells. Through 
multiple lines of investigation, we identify phosphatidylserine, a 
key ‘eat-me’ signal exposed on apoptotic cells’®’, as a ligand for 
BAIL. The thrombospondin type 1 repeats within the extracellular 
region of BAI1 mediate direct binding to phosphatidylserine. As 
with intracellular signalling, BAI] forms a trimeric complex with 
ELMO and Dock180, and functional studies suggest that BAI] 
cooperates with ELMO/Dock180/Rac to promote maximal engulf- 
ment of apoptotic cells. Last, decreased BAI1 expression or inter- 
ference with BAI1 function inhibits the engulfment of apoptotic 
targets ex vivo and in vivo. Thus, BAII1 is a phosphatidylserine 
recognition receptor that can directly recruit a Rac-GEF complex 
to mediate the uptake of apoptotic cells. 

Previous studies revealed two ‘functional’ regions within ELMO1 
and its Caenorhabditis elegans homologue CED-12 during phagocyt- 
osis'*'”, The amino-terminal 558 amino-acid residues (N-term) 
were necessary for targeting of the ELMO-—Dock180 complex to the 
membrane’™"’, whereas the carboxy-terminal 196 residues (C-term) 
were necessary for binding Dock180 and for optimal Rac activa- 
tion’”'*. Because the receptor(s) upstream of ELMO1 during engulf- 
ment were not known, we performed a yeast two-hybrid screen, with 
N-term as bait. After screening more than 1.1 X 10” colonies from a 
mouse embryo library, followed by several subscreens for specificity, 
we identified a single membrane protein, BAI]. 

BAI! belongs to subgroup VII of the adhesion-type G-protein- 
coupled receptor (GPCR) family’, with extended extracellular ter- 
mini containing multiple domains and motifs that are thought to 
function in cell—cell or cell-matrix interactions’. BAI] (1,584 residues) 
has an 943-residue extracellular region, a seven-transmembrane 
‘heptahelical body’ and a 392-residue cytoplasmic tail”* (Fig. 1a). 
bail was initially cloned as a p53-regulated message in the brain’ 
and received its name because an extracellular fragment inhibited 


neovascularization in experimental angiogenesis’. However, no 
physiological ligands for BAI1 have been reported. The BAI] fragment 
isolated in the two-hybrid screen (residues 1431-1582) was part of its 
cytoplasmic tail. Yeast transformants expressing BAII'**''** and 
either N-term or full-length ELMO1 (but not C-term) were able to 
grow under selective conditions (Fig. 1b). Binding of N-term to the 
cytoplasmic tail of BAI] or to full-length BAI] was also confirmed in 
mammalian cells (Supplementary Fig. 2, and data not shown). 
Publicly available gene expression databases indicate the expres- 
sion of bail outside the brain, and microarray analyses also reported 
bail expression in primary human monocytes and macrophages". 
We detected bail mRNA and BAI] protein at different levels in 
macrophage cell lines (J774 and RAW 264.7) and primary tissues such 
as bone marrow and spleen (Fig. 1c and Supplementary Fig. 1). As 
reported previously’”*, endogenous BAI] migrated at the predicted 
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Figure 1 | Identification of BAI1 as an ELMO1-interacting protein. 

a, Diagram of BAI1. RGD, integrin-binding motif; HomR, hormone 
receptor; GPS, GPCR proteolytic site; 7TMR, seven-transmembrane 
receptor. b, A BAI1 clone was tested for interaction with the indicated 
ELMO1 constructs for growth on selective plates at tenfold dilutions. 

c, Immunoblotting for BAI] expression shows a 160—170-kDa lower band 
(often a doublet) and a 220-kDa upper band’*. BM, bone marrow; Spln, 
spleen; Astro, astrocytes; PEC, peritoneal exudate cells. d, Flag—BAI1 was 
transfected into LR73 cells, and simultaneous precipitation of endogenous 
ELMO] (or transfected ELMO]; lane 3) was determined by anti-ELMO1 
immunoblotting. IP, immunoprecipitation. TCL, total cell lysates. e, Mouse 
brain lysates were immunoprecipitated with ELMO1 antibody and 
simultaneous precipitation of endogenous BAI1 (arrowheads), assessed by 
immunoblotting. El, ELMO1. 
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160-170 kDa (often as a doublet) and an upper 220-kDa band, with 
various intensities in different cell types (Fig. 1c). Endogenous ELMO1 
precipitated together with overexpressed Flag-tagged BAI1, and asso- 
ciation at native levels was also confirmed by co-precipitation of endo- 
genous ELMO] and BAI1 from mouse brain lysates (Fig. 1d, e). 

We confirmed that an N-terminally haemagglutinin (HA)-tagged 
BAI1 (with the tag inserted after the leader sequence) was detectable 
on the cell surface by flow cytometry (Fig. 2a). Untagged BAI] was 
also present in the membrane fractions (Supplementary Fig. 3). To 
address the role of BAI as an engulfment receptor, we generated J774 
macrophage cells stably expressing the HA-tagged BAI1. In engulf- 
ment assays based on flow cytometry, expression of BAI1 enhanced 
the uptake of apoptotic thymocytes compared with controls (a fold 
increase of 2.61 + 0.11 (mean + s.d.), P< 0.0001, n = 7; Fig. 2b). The 
increased uptake by BAI1-expressing J774 cells occurred more towards 
apoptotic cells than towards necrotic and live cells (Fig. 2b). LR73 
fibroblasts transiently transfected with BAI1 carrying different tags also 
enhanced the engulfment of apoptotic thymocytes (Supplementary 
Fig. 4) or fluorescently labelled 2-~m carboxylate-modified beads, 
surrogate targets that mimic apoptotic cells'’*° (a fold increase of 
2.62 +0.20 for green fluorescent protein (GFP)-labelled BAI, 
P<0.001, n = 16; Fig. 2c). Thus, the BAI1-dependent increased uptake 
occurred in both macrophages and non-professional phagocytes, with 
the effect being independent of the tag added. BAI1 lacking either the 
cytoplasmic or extracellular regions showed no such enhanced uptake, 
indicating a requirement for both regions (Fig. 2d). Expression of the 
BAI] cytoplasmic region alone, capable of binding ELMO1, also had a 
minimal effect on engulfment over the control (Fig. 2d). 

We then tested whether BAI] promoted engulfment by enhanced 
binding of targets, by internalization, or by both methods. First, 
BAII-—GFP-transfected cells showed increased binding of targets 
(Fig. 2e); second, BAI1-expressing cells ingesting targets had a higher 
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Figure 2 | BAI1 enhances uptake of apoptotic targets. a, Top: diagram of 
BAI] plasmid constructs used. Bottom: N-terminally HA-tagged BAI1 on 
the cell surface of transfected LR73 cells was assessed by flow cytometry with 
anti-HA antibody. ECD, extracellular domain; ICD, intracellular domain. 
b, J774 macrophage cells stably transfected with BAI] (open columns) or 
control vector (filled columns) were incubated with live, necrotic or 
apoptotic thymocytes (thy.) and assessed for enhanced uptake. The numbers 
above the bars refer to MFI, indicative of target-derived fluorescence per 
phagocyte. c, LR73 cells were transiently transfected with tagged or untagged 
BAI], and the uptake of 2-1m carboxylate-modified beads or apoptotic 
thymocytes was assessed by a flow-cytometry-based engulfment assay (with 
MFI of cells ingesting targets shown). Expression of the transfected proteins 
was confirmed. d, BAI1 lacking the intracellular domain (ICD) or 
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mean fluorescence intensity (MFI) (where MFI reflects the target- 
derived fluorescence per cell*; Fig. 2b, c). When we quantified the 
efficiency of internalization (with Amnis ImageStream”', which com- 
bines flow cytometry with imaging of individual cells), BAI1-GFP- 
expressing cells exhibited enhanced engulfment, with two or more 
targets per phagocyte (40% versus 16% in the control; Fig. 2e). 
Moreover, only BAI1—GFP cells had four or five targets per phagocyte 
(Fig. 2e). BAII-GFP was enriched at the phagocytic cup and its 
localization was correlated with polymerized actin at the same site, 
as determined by confocal microscopy (Fig. 2f). Thus, BAI] contri- 
butes to both the binding and the engulfment of targets. 

BAI! contains five thrombospondin type 1 repeats (TSRs) in its 
extracellular region (Fig. la). Because TSRs can bind phosphatidyl- 
serine (PtdSer)**, we examined whether the TSRs of BAI1 partici- 
pated in target recognition. Several lines of evidence collectively 
suggested a role for the TSRs of BAI1 in direct PtdSer recognition 
and in promoting the engulfment of apoptotic targets. First, the 
addition of annexin V, which binds PtdSer exposed on apoptotic 
cells, inhibited BAI1-mediated uptake in a dose-dependent manner 
(Fig. 3a). We then generated bacterial constructs with or without the 
TSRs (denoted RGD-TSR or RGD-ATSR, respectively; Fig. 3b). The 
addition of bacterially purified RGD-TSR protein inhibited BAI1- 
dependent uptake in a dose-dependent manner, whereas glutathione 
S-transferase (GST) alone or RGD-ATSR did not (Fig. 3c and Sup- 
plementary Fig. 5). Because the extracellular region of BAI1 also 
contains an RGD motif, which could potentially participate in 
integrin-dependent phagocyte-target interactions, we tested pro- 
teins with mutations in the RGD motif (RGE-TSR; Fig. 3b). RGE- 
TSR still inhibited uptake, but deletion of the TSRs (RGE-ATSR) 
abrogated the inhibition (Fig. 3c). The RGD motif in BAI1 was there- 
fore dispensable for engulfment under these conditions, whereas the 
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extracellular domain (ECD) regions, or the ICD alone were tested in LR73 
cells for BAI1-mediated increased uptake of apoptotic thymocytes (grey 
columns) and surrogate targets (black columns). e, Left: BAI1—GFP- 
expressing LR73 cells were incubated with unlabelled 2-j1m carboxylate 
beads; the enhanced binding of targets expressing BAI1—GFP is shown. DIC, 
differential interference contrast. Right: using Amnis Image Stream, the 
number of targets within the GFP-expressing or BAI1—GFP-expressing cells 
were counted and plotted. f, BAII-GFP-expressing LR73 cells were 
incubated with 6-,1m carboxylate beads and stained with phalloidin; images 
from different confocal planes are shown to indicate the localization of 
BAI1-GFP to the phagocytic cup. BAI] (arrow) and actin (arrowhead) are 
indicated. Error bars indicate s.d. 
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When we tested the direct binding of bacterially purified TSRs to 
apoptotic cells, RGD-TSR could decorate the surfaces of apoptotic 
cells, in a comparable manner to annexin V staining (Fig. 3d). In 
competition experiments, unlabelled soluble BAI1-TSR (but not 
those lacking the TSRs) inhibited the binding of fluorescent annexin 
V to surrogate targets (Fig. 3e) and apoptotic cells (Supplementary 
Fig. 6). Furthermore, LR73 cells expressing BAI1-GFP showed 
enhanced uptake of synthetic 2-tum microbubbles containing phos- 
phatidylserine (15% PtdSer and 85% phosphatidylcholine; Fig. 3g), 
with negligible uptake of phosphatidylcholine microbubbles. 

Purified proteins with BAI1-TSRs also bound to membrane strips 
spotted with various phospholipids (Fig. 3h). Under these condi- 
tions, the TSRs also showed binding to cardiolipin (a mitochondrial 
lipid), as well as weaker binding to phosphatidic acid and PtdIns(4)P, 
but not to other negatively charged lipids on the membrane (Fig. 3h). 
The binding to sulphatide served as a positive control’’. This sug- 
gested a direct interaction between BAI1-TSRs and PtdSer in the 
absence of other cellular proteins. PtdSer recognition through 
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BAI1 seemed stereospecific, because the addition of phospho-t- 
serine, but not phospho-p-serine, strongly inhibited the BAI1- 
dependent enhanced uptake of apoptotic cells (Fig. 3i). Taken 
together, the above data showed BAI1 to be a new type of PtdSer- 
recognition receptor and implicated the TSRs of BAI] in the direct 
interaction with phosphatidylserine. 

We next addressed the requirement for ELMO1 binding to BAI1 
in mediating signalling to promote engulfment. We first narrowed 
the ELMO1 binding to a short o-helical stretch within the BAI] 
cytoplasmic tail, which was necessary and sufficient (Supplemen- 
tary Fig. 7). Mutation of three positive charges within this o-helix 
(RKR—AAA) reproducibly reduced the binding of ELMO] to BAI1 
(Fig. 4a). Full-length BAI1 with this mutation failed to promote 
enhanced engulfment of apoptotic thymocytes (Fig. 4b). To test 
the role of ELMO] in BAI1-mediated uptake directly, we performed 
stable knockdown of ELMO] in J774 macrophages with short hairpin 
RNA (shRNA) targeted to elmol. Transient expression of BAII 
promoted engulfment of apoptotic thymocytes in control shRNA 
cells but not in cells with ELMO1 knockdown (Fig. 4c). This sug- 
gested a requirement for ELMO] expression for enhanced engulf- 
ment mediated by BAI1. 

BAI1 formed a complex with Dock180, but this association was 
indirect because it required an interaction of BAI] with ELMO1 
(Fig. 4d). Guanine nucleotide exchange activity towards Rac was 
detectable in BAI1 precipitates when expressed with ELMO and 
Dock180 (data not shown). We then asked whether BAI1 expression 
would alter the levels of activated Rac (Rac-GTP) during phagocyt- 
osis. The basal level of Rac-GTP in BAI1-transfected LR73 cells was 
comparable to that in the mock-transfected cells. However, BAI1- 
expressing cells showed greater Rac-GTP after addition of targets 
(30 min), with the Rac-GTP levels returning to the basal state at later 
time points (Fig. 4e). These data suggested an inducible and transient 
Rac activation due to BAI] during the recognition and engulfment of 
targets. 

Whereas overexpression of BAI] alone or of Dock180/ELMO pro- 
teins in LR73 cells increased engulfment, expression of all three pro- 
teins simultaneously caused the greatest increase in uptake of both 
apoptotic thymocytes and surrogate targets (Fig. 4f). This enhance- 
ment was lost when a mutant Dock180 (Dock-ISP)° that cannot 
activate Rac was expressed at the same time, and also resulted in 
inhibition of the uptake due to BAI1. Similarly, a mutant form of 
ELMO1 (T625) that can bind BAI1 but cannot link to Dock180 (ref. 
5) also failed to promote uptake (Fig. 4f). Last, a dominant-negative 


Figure 3 | Recognition of phosphatidylserine by TSRs. a, LR73 cells 
transfected with BAI] were tested for engulfment of 2-j1m carboxylate beads 
in the presence or absence of annexin V (0.0110 ng ul‘). b, Schematic 
diagram of constructs containing the TSRs and/or RGD motifs, and 
Coomassie staining of purified proteins. c, Addition of soluble RGD-TSR 
(10 ng ul), but not GST or ATSR, blocked BAI1-mediated enhanced 
uptake in LR73 cells. Black columns, GFP; grey columns, BAI1. d, Apoptotic 
Jurkat cells were incubated with indicated soluble BAI1 fragments and their 
binding was assessed by flow cytometry. Binding of annexin V to the same 
apoptotic cells is shown for comparison. FITC, fluorescein isothiocyanate. 
e, Soluble RGD-TSR, RGE-TSR, RGD-ATSR and RGE-ATSR (2 ng pl! 
each) were tested for blocking the binding of annexin V to carboxylate- 
modified beads by flow cytometry. f, Uptake of apoptotic thymocytes by 
J774 cells was tested in the presence of the indicated proteins (10 ng pl! 
each). Anx, annexin. g, LR73 cells transfected with BAI1—GFP (grey 
columns) or control GFP alone (black columns) were tested for uptake of 
phosphatidylserine (PtdSer)-containing microbubbles or the control 
phosphatidylcholine (PtdCho) bubbles. h, Direct binding of soluble BAI1 
proteins to phosphatidylserine and other phospholipids spotted on 
nitrocellulose membrane strips. DAG, diacylglycerol; PtdEtn, 
phosphatidylethanolamine. PA, phosphatidic acid, PG, 
phosphatidylglycerol. i, Stereospecificity of PtdSer recognition through BAI- 
TSRs was tested by the addition of phospho-1-serine or phospho-p-serine 
during uptake of apoptotic thymocytes by control (black columns) or BAI1- 
overexpressing (grey columns) J774 cells. Error bars indicate s.d. 
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mutant of Rac (Rac’!”) also inhibited the uptake mediated by BAI 


(Fig. 4f). The augmented uptake due to simultaneous expression of 
BAI1, ELMO1 and Dock180 was due to the internalization of targets 
rather than to enhanced binding (not shown). Taken together, these 
data suggest that the intracellular tail of BAI1 mediates signalling 
through the ELMO/Dock180/Rac module to promote the engulf- 
ment of apoptotic cells. 

Previous studies have suggested redundancy among engulfment 
receptors expressed on the surface of phagocytes. To test the relative 
importance for BAI1-mediated engulfment, we performed three types 
of analysis. First, short interfering RNA (siRNA)-mediated knock- 
down of BAI1 in primary mouse astrocytes resulted in a decreased 
uptake of apoptotic thymocytes or carboxylate beads (Fig. 4g). The 
efficiency of BAI] knockdown (46%) was approximately correlated 
with the observed roughly 50% inhibition of engulfment. In J774 
macrophages we could achieve only minimal knockdown of BAII, 
but this was commensurate with a modest decrease in engulfment 
(Supplementary Fig. 8). The addition of soluble BAI1 TSRs with apop- 
totic thymocytes or carboxylate beads also blocked the engulfment of 
apoptotic cells by J774 cells (Fig. 3f) and primary mouse astrocytes 
(Fig. 4h). This suggested that BAI1-mediated recognition, under 
native conditions, does contribute to engulfment in macrophages. 

To test the potential importance of BAI1-TSR-dependent recog- 
nition in vivo, we injected red-fluorescent-labelled carboxylate beads 
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or apoptotic thymocytes into the peritoneum of mice, with or with- 
out simultaneous injection of a soluble BAI1-TSR fragment or GST. 
After 20 min, we collected the peritoneal lavage cells and determined 
the fraction of F4/80-positive macrophages with engulfed targets. 
Simultaneous injection of BAI1-TSRs, but not that of GST, strongly 
inhibited the ability of peritoneal macrophages to engulf carboxylate- 
modified beads (Fig. 4i) or apoptotic thymocytes (Fig. 4) and 
Supplementary Fig. 9). These data further support a role for BAI] 
as an engulfment receptor in this in vivo model of engulfment. 
Taken together, our data yield the following observations. Over the 
years, the receptor(s) that can directly engage PtdSer and how they 
may signal intracellularly have remained elusive. This work reveals 
BAI1 as one type of engulfment receptor that can stereospecifically 
engage PtdSer on apoptotic cells (through its TSRs). Our work also 
identifies a receptor upstream of the ELMO/Dock180/Rac signalling 
module, which has also remained unknown. This could be of great 
help in defining molecular events from PtdSer-dependent apoptotic 
cell recognition to responses within the phagocyte’*. BAI1 is also a 
new type of engulfment receptor belonging to the adhesion-type 
GPCR family. Treatment of BAI1-transfected cells with pertussis 
toxin did not affect the enhanced uptake through BAI, but BAI1 
with gross deletion of the seven-transmembrane region failed to 
promote engulfment (data not shown). Thus, the specific role of 
the seven-transmembrane region of BAI] remains to be determined. 
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Figure 4 | BAI1 functions upstream of the ELMO/Dock180/Rac module. 
a, Top: diagram of the cytoplasmic tail of BAI] and the RKR->AAA 
mutation. Binding of this BAI] mutant to ELMO1 was assessed (relative 
densitometry signals for ELMO] are indicated). b, Full-length BAI1 with the 
RKR—AAA mutation fails to enhance uptake of apoptotic thymocytes in 
LR73 cells. c, Top: control shRNA (black columns) or ELMO1 knockdown 
J774 cells (grey columns) were transfected with either BAI1-GFP or GFP 
alone, and the uptake of apoptotic thymocytes was assessed. Bottom: 
knockdown of ELMO1. d, 293T cells were transfected with the indicated 
combination of BAI1, ELMO1 and Dock180 plasmids, and complex 
formation was determined by immunoblotting. Ppt, precipitation. e, Top: 
Rac-GTP levels after incubation of targets with BAI1-expressing cells or 
controls. Bottom: densitometry for Rac-GTP signal and comparable 
GST-CRIB domain in the different lanes are shown. f, Engulfment of 
apoptotic thymocytes (left) or 2-jum carboxylate beads (right) by LR73 cells 
transfected with BAI1—GFP (B) and the indicated combinations of ELMO1 
(E), Dock180 (D), and the dominant-negative forms of ELMO1 (ET625), 


Dock180 (D-ISP) or Rac (Rac!!7), Protein expression of the transfected 
plasmids was confirmed (data not shown). g, Top: knockdown of BAII in 
primary mouse astrocytes inhibits engulfment of apoptotic thymocytes 
(left) and surrogate targets (right). Bottom: the knockdown, as determined 
by bail expression or control (cont.) hypoxanthine-guanine 
phosphoribosyltransferase (HPRT) message, and the efficiency of 
knockdown. h, Engulfment of apoptotic thymocytes (grey columns) or 
carboxylate beads (black columns) by primary astrocytes was assessed in the 
presence of the indicated soluble BAI1 proteins or GST alone (10 ng pl! 
each). i, BAI1 TSR repeats or GST were injected together with red-labelled 
carboxylate beads into the peritoneum of C57/Bl6 mice (three mice per 
condition, two independent experiments). After 20 min, the fraction of 
F4/80-positive peritoneal macrophages ingesting targets was assessed (left) 
and a representative flow cytometry panel is also shown (right). j, As in 

i, except that LysM—Cre/YFP mice were used and the uptake of apoptotic 
thymocytes by YFP-positive cells (98% being F4/80-positive) was assessed. 
Error bars indicate s.d. 
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Last, the loss of BAI] from gliomas seems to promote the forma- 
tion of more aggressive glioblastomas’*; conversely, overexpression 
of BAI] inhibits the neo-vascularization of gliomas and inhibits 
tumour formation™. Because the natural function of BAI] in tissues 
is not known, its identification as an engulfment receptor upstream 
of the ELMO/Dock180/Rac module could have implications for the 
treatment of glioblastomas. 


METHODS SUMMARY 

General. Immortalized cell lines and primary cells were maintained as described 
previously’. All DNA constructs were generated by PCR-based methodology, 
with the fidelity and presence of appropriate mutations being confirmed by 
sequencing. The HF7C yeast strain (with His, Trp and Leu as selection markers)”° 
was used for the yeast two-hybrid screen against a mouse embryo library. 
Immunoprecipitation and GST pull-down assays were used to detect protein— 
protein interactions”. Protein expressions and the presence of bound proteins 
were confirmed by western blotting. Transiently transfected siRNA and stably 
expressed shRNA were used to knock down the level of BAI] or ELMO1 proteins. 
RT-PCR was used to detect the level of mRNA of a specific gene. 

In vitro phagocytosis assay. Various cell lines (LR73 Chinese hamster ovary 
cells, J774 macrophages and NIH 3T3 cells) and primary cells (mouse astrocytes) 
were transiently or stably transfected before the phagocytosis assays”°. Phagocytic 
cells were incubated with fluorescently labelled targets such as apoptotic thymo- 
cytes, 2-jum carboxylate-modified latex beads, or 2-11m phospholipid containing 
microbubbles. After 2 h, the cells were extensively washed with cold PBS, treated 
with trypsin and resuspended in cold medium containing 1% NaN3, and ana- 
lysed by flow cytometry as described previously”. 

In vivo engulfment assay. Surrogate beads or apoptotic thymocytes stained with 
5- (and 6)-carboxytetramethylrhodamine (TAMRA) were mixed with soluble 
GST or RGD-TSR protein. The mixture was then injected into the peritoneum of 
either wild-type C57/Bl6 mice or a LysM-Cre/yellow fluorescent protein (YFP) 
reporter mouse line (in which 98% of YFP-positive cells in the peritoneum were 
also F4/80 positive). Peritoneal exudate cells were collected and either F4/80- 
positive or YFP-positive cells were gated and fluorescence-activated cell sorting 
analyses were performed to determine the effects of soluble proteins on pha- 
gocytosis in vivo. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Cell culture and transfections. 293T cells and primary astrocytes were 
maintained in DMEM containing 10% FBS and 1% penicillin—streptomycin— 
glutamine’. LR73 Chinese hamster ovary cells, J774 macrophages and NIH 
3T3 fibroblasts were cultured as described previously*®. Plasmid transfections 
into 293T cells were performed with calcium phosphate (Promega), and 
LR73 and NIH/3T3 cell transfections were performed with Lipofectamine 
2000 (Invitrogen) in accordance with the manufacturer’s instructions. 
Nucleofection was used to introduce plasmids and siRNA into J774 cells 
(Amaxa kit V, programme T-20) and primary astrocytes (Amaxa astrocyte kit, 
programme T-20). 

Yeast two-hybrid screen. HF7C yeast strain (His , Trp , Leu) was used to 
screen a mouse seven-day embryonic library*” using pGBT10-N-term ELMO1 
(residues 1-558) as bait. After screening of 1.1 X 10’ colonies for growth on 
selective SCM plates (Trp, Leu’, His” with 5mM 3-amino-1,2,4-triazole), 
and additional specificity/selection steps, the library plasmids were rescued 
and sequenced. 

Plasmids and mutagenesis. ELMO, Dock180 and Rac constructs used in this 
study have been described previously*"*. mBAII, «-helix and non-a-helix con- 
structs were generated by a PCR-based strategy from the yeast clone identified in 
the two-hybrid screen. Full-length pcDNA3.1(+)-BAI1 was a gift from T. 
Tokino. The various BAI1 constructs were generated by a PCR-based strategy. 
Flag and GFP sequence tags in the pEBB-BAI1—Flag and pEBB-BAI1—GFP con- 
structs were inserted at the C-terminal end of BAI1; pEBB-HA-BAII construct 
was generated by inserting a tandem HA sequence tag near the N terminus, after 
the leader sequence (at the 50th amino-acid residue of BAI1). The pEBB- 
BAI1(without ECD)—Flag construct contained residues 1-50 fused to residues 
951-1584, the pEBB-BAI1(without ICD)—Flag construct contained residues 
1-1201, and the Flag—BAI(ICD) construct contained residues 1192-1584. For 
bacterial production of GST-RGD-TSR, the sequence encoding residues 202— 
585 of BAI] were introduced into the pGEX-4T2 vector. GST-RGD-ATSR con- 
tained residues 202-263 fused to residues 577-585 of BAI1. The RGD sequence 
of BAI] (residues 231-233 of BAI1) was mutated to generate GST-RGE-TSR and 
GST-RGE-ATSR. All constructs were sequenced to confirm fidelity and the 
presence of the appropriate mutations. 

Immunoprecipitation and immunoblotting. At 24—48 h after transfection of 
plasmids into 293T, LR73 or J774 cells, the cells were lysed and precipitated with 
the indicated antibodies or glutathione-Sepharose beads. Brain tissue was lysed 
and immunoprecipitated with anti-ELMO1 antibody conjugated with Protein 
A/G-agarose (Santa Cruz Biotechnology). Bound proteins were assessed by 
immunoblotting for the respective tags or endogenous proteins. The anti- 
ELMO1 antibody has been described previously’. The BAI1 antibody was 
obtained from Orbigen. 

Immunofluorescence staining. NIH 3T3 or LR73 cells were plated on Labtek II 
slides and transfected with Lipofectamine 2000. At harvest, slides were washed 
with PBS, fixed in 3% formaldehyde and permeabilized with 0.2% Triton X-100. 
Cells were then blocked with clarified milk and subsequently stained with 
appropriate antibodies. Immunostaining was performed sequentially with 
IgG-specific secondary antibodies as described previously”®. 

Quantitative RT-PCR. Total RNA from cell lines, tissues or primary cells was 
extracted with the use of an RNeasy Mini Kit (Qiagen) in accordance with the 
manufacturer’s instructions. Complementary DNA was generated from 1.0 1g of 
total RNA with Superscript III (Invitrogen) in accordance with the protocol. In 
all, 35 PCR cycles were performed for the amplification of mouse BAI with 1 pl 
of the 20 pl reaction mixture of cDNA. 

Phagocytosis assay. LR73 or J774 cells were transiently transfected in triplicate 
with the indicated plasmids in a 24-well plate. At 24h after transfection, engulf- 
ment assays were performed essentially as described previously”, with either 
TAMRA-labelled apoptotic thymocytes or 2-~m carboxylate-modified red 
fluorescent beads (Invitrogen) that mimic the negative charge on apoptotic cells 
and can serve as a simplified target'*'’. After being washed ten times with cold 
PBS, the cells were treated with trypsin, resuspended in cold medium (with 1% 
NaN;) and analysed by two-colour flow cytometry. The transfected cells were 
recognized by their GFP fluorescence; targets (carboxylate-modified red fluor- 
escent beads, apoptotic thymocytes or lipid vesicles) were recognized by red 
fluorescence. Forward and side-scatter parameters were used to distinguish 
unbound targets from cells. The data were analysed with FlowJo software. 
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Most double-positive cells scored in this flow-cytometry-based assay were targets 
engulfed by transfected cells or targets being engulfed, and not targets loosely 
bound to the cell surface (because these were removed during the extensive 
washing and trypsin treatment before flow cytometry). 

The MFI in the red channel of the cells taking up targets gave an estimate of the 
efficiency of uptake (proportional to the number of particles taken up). To 
quantify the number of targets engulfed per cell, the images of the phagocytes 
as they were analysed by flow cytometry were obtained with Amnis ImageStream. 
Cell-surface staining of phagocytes for class I MHC expression was used to focus 
on the internalized targets and counting of targets was performed on a per-cell 
basis. 

Red fluorescent microbubbles (2 fm) containing phosphatidylcholine 
(100%) and phosphatidylserine (molar ratio of phosphatidylcholine to phos- 
phatidylserine 85:15) were washed five times with PBS and resuspended 
with «-MEM supplemented with 2% FBS and 0.2% penicillin—streptomycin— 
glutamine. Vesicles (4 X 10°) were added to each well of a 24-well plate; each well 
was then filled with the same medium. The 24-well plate was sealed, flipped over, 
and incubated at 37 °C for 2 h; the uptake was analysed by flow cytometry. 

For in vivo analysis of BAI] function, 10” TAMRA-stained apoptotic thymo- 

cytes or 2 ul of 2-11m carboxylate beads (red labelled) were mixed with 3 pg of 
GST or RGD-TSR proteins in 300 il of PBS. The 300 pl mixtures of targets were 
injected into the peritoneum of either a wild-type or a LysM-Cre/YFP reporter 
mouse. At 20 min after injection, peritoneal exudate cells were collected. The 
cells were resuspended in 400 pl of PBS containing 1% NaN3. For wild-type 
C57Bl/6 mice that were used for the bead injections, to block Fe receptors, 
CD16/32 antibody was treated for 15 min and then the cells were stained with 
fluorescently labelled F4/80 antibody for 15 min. For LysM-Cre/YFP mice, the 
more than 98% YFP-positive cells in the peritoneum were F4/80-positive 
and CD11b-positive (and were CD3-negative and B220-negative). Either YFP- 
positive or F4/80-positive cells were gated to evaluate the fraction of macro- 
phages ingesting red-labelled targets. 
Binding assay of soluble TSRs. Jurkat cells (2.5 X 10°) were washed with PBS 
and resuspended with 10 ml of X-Vivol0 medium in the 100-mm Petri dishes. 
The Jurkat cells were irradiated with ultraviolet and incubated at 37 °C for 2.5h. 
The cells were washed twice with cold PBS and then resuspended in annexin V 
binding buffer containing 10mM HEPES-NaOH pH7.4), 140mM NaCl, 
2.5mM CaCl, at a concentration of 10° cells ml” '. Bacterially produced soluble 
TSR proteins (1 ,tg) were incubated with 500 jl of apoptotic Jurkat cell suspen- 
sion for 15 min at room temperature (20°C). After incubation, the cells were 
washed twice and resuspended with annexin V binding buffer. The presence of 
TSR proteins on apoptotic Jurkat cells was detected with anti-GST antibody 
(clone Z5; Santa Cruz) followed by Alexa 647-conjugated anti-IgG secondary 
antibody (Molecular Probes) and flow cytometry. The competitive binding of 
soluble TSRs with annexin V (Becton Dickinson) to 6-m carboxylate beads 
(Polysciences) or apoptotic Jurkat cells was performed as described above except 
that 1 pg of the indicated proteins was incubated with the apoptotic Jurkat cells 
first for 15 min, followed by the addition of 5 ul of FITC-conjugated annexin V 
for a further 15 min, and subsequent flow cytometry. 

For inhibition assays, annexin V or the BAI1 recombinant fragments 
(10ngpl~') were added to 10’ apoptotic thymocytes and incubated for 
15 min at room temperature. The mixture of proteins and apoptotic thymocytes 
was then added to J774 cells on a 24-well plate and analysed in the engulfment 
assay. 

Binding of TSRs to lipids. The membrane lipid strips (Echelon Biosciences, 
Inc.) were blocked in 3% fatty-acid-free BSA in TBS-T containing 50 mM 
Tris-HCl pH 8.0, 150 mM NaCl and 0.1% Tween-20 for 1 h at room temperature 
in the dark. The membrane was then incubated at 4 °C with gentle agitation in the 
same solution containing the indicated purified proteins (each at 0.5 ug ml!) 
The membranes were washed four times in TBS-T and then incubated for 1h 
with anti-GST antibody (clone Z5; Santa Cruz) followed by routine immuno- 
blotting steps. 

CRIB pull-down assay. LR73 cells were transfected with BAI1 using 
Lipofectamine 2000. At 24h after transfection, the cells were incubated with 
2-uum carboxylate beads for 30, 60 and 120 min. The cells were then washed with 
cold PBS twice and lysed. The cell lysates were incubated with 30 1g of GST- 
CRIB for 1h at 4°C. The precipitation of Rac by GST—CRIB was detected by 
immunoblotting. 
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Identification of Tim4 as a phosphatidylserine 


receptor 


Masanori Miyanishi'”, Kazutoshi Tada*t, Masato Koike® 


1,2,5 


& Shigekazu Nagata 


In programmed cell death, a large number of cells undergo apop- 
tosis, and are engulfed by macrophages to avoid the release of 
noxious materials from the dying cells’. In definitive eryth- 
ropoiesis, nuclei are expelled from erythroid precursor cells and 
are engulfed by macrophages. Phosphatidylserine is exposed on 
the surface of apoptotic cells’ and on the nuclei expelled from 
erythroid precursor cells*; it works as an ‘eat me’ signal for pha- 
gocytes”®. Phosphatidylserine is also expressed on the surface of 
exosomes involved in intercellular signalling’. Here we established 
a library of hamster monoclonal antibodies against mouse peri- 
toneal macrophages, and found an antibody that strongly inhib- 
ited the phosphatidylserine-dependent engulfment of apoptotic 
cells. The antigen recognized by the antibody was identified by 
expression cloning as a type I transmembrane protein called Tim4 
(T-cell immunoglobulin- and mucin-domain-containing mole- 
cule; also known as Timd4)*. Tim4 was expressed in Macl* cells 
in various mouse tissues, including spleen, lymph nodes and fetal 


a Macrophage only __+Apoptotic thymocyte 


+D89E 2ugmi-? ~~ +kat5-18 0.1 wg mi 


+Apoptotic thymocyte +Apoptotic thymocyte +Apoptotic thymocyte +Apoptotic thymocyte 


, Yasuo Uchiyama’, Toshio Kitamura* 


liver. Tim4 bound apoptotic cells by recognizing phosphatidylser- 
ine via its immunoglobulin domain. The expression of Tim4 in 
fibroblasts enhanced their ability to engulf apoptotic cells. When 
the anti-Tim4 monoclonal antibody was administered into mice, 
the engulfment of apoptotic cells by thymic macrophages was 
significantly blocked, and the mice developed autoantibodies. 
Among the other Tim family members, Tim1, but neither Tim2 
nor Tim3, specifically bound phosphatidylserine. Tim1- or Tim4- 
expressing Ba/F3 B cells were bound by exosomes via phosphati- 
dylserine, and exosomes stimulated the interaction between Tim1 
and Tim4. These results indicate that Tim4 and Tim] are phos- 
phatidylserine receptors for the engulfment of apoptotic cells, and 
may also be involved in intercellular signalling in which exosomes 
are involved. 

Caspase-activated DNase (CAD)-deficient cells do not undergo 
apoptotic DNA fragmentation, but their DNA is degraded in phago- 
cytes after they are engulfed’. We used this knowledge to assay the 


Figure 1 | Tim4 in peritoneal 
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engulfment of apoptotic cells, and identified MFG-E8 (milk fat globule 
EGF factor 8) that stimulates their engulfment’®. MFG-ES8 is expressed 
in thioglycollate-elicited peritoneal macrophages, tingible-body 
macrophages of lymph nodes and spleen, Langerhans cells and mam- 
mary epithelial cells’?”*. Hu et al.’* reported that naive peritoneal 
macrophages engulf apoptotic cells in a phosphatidylserine (PS)- 
dependent manner. We confirmed this with our assay system, which 
uses CAD '~ thymocytes as prey (Fig. la). Peritoneal macrophages 
efficiently engulfed apoptotic cells, and this was inhibited by the D89E 
mutant of MFG-E8 that masks PS'°. However, peritoneal macro- 
phages expressed little MFG-E8 (see below), and this MFG-E8 defi- 
ciency did not affect the ability of these macrophages to engulf 
apoptotic cells (data not shown). To identify the molecules involved 
in this engulfment, Armenian hamsters were immunized with 
mouse peritoneal cells, and hybridomas were prepared. Among 
1,200 hybridomas, one monoclonal antibody (Kat5-18) dose- 
dependently inhibited the phagocytosis of apoptotic cells by peri- 
toneal macrophages (Fig. la). Most Macl* peritoneal cells were 
stained by Kat5-18 (Fig. 1b), indicating that peritoneal macrophages 
expressed its antigen. 

To identify the antigen for Kat5-18, we used retrovirus-mediated 
expression cloning'’. A complementary DNA library was constructed 
with messenger RNA from mouse peritoneal cells, converted to retro- 
viruses, and used to infect mouse Ba/F3 cells. After 2 days in culture, 
transformants labelled by Kat5-18 (less than 0.1%) were sorted using 
a cell sorter, expanded in culture, and sorted again. This cycle of 
sorting and expansion was repeated three times until most cells 
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stained with Kat5-18. The sorted Kat5-18* cells carried 2-3 different 
integrated cDNAs, and Tim4 cDNA was found in two independent 
experiments. When Tim4 cDNA was introduced into Ba/F3, the 
transformants stained strongly with Kat5-18 (Fig. lc), confirming 
that Tim4 was the antigen recognized by Kat5-18. Real-time PCR 
indicated that Tim4 mRNA was expressed in resident, but not 
thioglycollate-elicited, peritoneal cells (Fig. 1d), in sharp contrast 
with MFG-E8, which was expressed in thioglycollate-elicited but 
weakly in resident peritoneal cells. A similar situation was observed 
with bone marrow-derived immature dendritic cells, which expressed 
a high level of MFG-E8, but not Tim4. Other major tissues that 
expressed Tim4 included the spleen, thymus, lymph nodes and saliv- 
ary glands (Fig. le). When cells from the spleen, lymph nodes and fetal 
liver were sorted into Macl* and Macl cells using MACS (magnetic 
cell sorting), Tim4 mRNA was found only in Macl” cells (Fig. 1). 
Flow cytometry indicated that about 20% of Mac1* cells in the lymph 
nodes expressed Tim4 (Supplementary Fig. 1). 

DNase II degrades DNA of apoptotic cells in lysosomes after pha- 
gocytes engulf them’®. To examine the role of Tim4 in the engulfment 
of apoptotic cells, a fibroblast cell line expressing Tim4 was estab- 
lished with NIH3T3 expressing DNase II'° (NIH3T3/DNase II/Tim4) 
(Supplementary Fig. 2). The ability of the parental NIH3T3/DNase II 
to engulf apoptotic cells was weak: when incubated with apoptotic 
CAD ‘~ thymocytes for 120 min, only 20% of the cells engulfed them 
(Fig. 2a). On the other hand, more than 50% of NIH3T3/DNase 
II/Tim4 engulfed apoptotic cells within 60 min. This effect of Tim4 
was confirmed by microscopic observation. That is, when apoptotic 
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Figure 2 | Tim4-mediated engulfment of apoptotic cells. a, NIH3T3/DNase 
II (filled squares, open squares) and NIH3T3/DNase II/Tim4 (filled circles, 
open circles) incubated with 3.0 X 10° (filled squares, filled circles) or 

6.0 X 10° (open squares, open circles) apoptotic CAD ‘~ thymocytes for the 
indicated periods. The percentage of TUNEL” macrophages was determined 
by flow cytometry. Average values from three experiments are shown; error 
bars, +1s.e. b, NIH3T3/DNase II and NIH3T3/DNase II/Tim4 used for 60- 
min phagocytosis, stained for TUNEL, and observed by microscopy. Arrows 
indicate TUNEL” cells. ¢, NIH3T3/DNase II or NIH3T3/DNase II/Tim4 
incubated with healthy or apoptotic thymocytes in the presence of Kat5-18, 
stained for TUNEL. The percentage of TUNEL* macrophages was determined 
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by flow cytometry. Average values from three experiments are shown; error 
bars, +1s.e..d, CAD ’~ mice that had received normal hamster Ab or Kat5-18 
were treated with dexamethasone. Top, the thymus stained for TUNEL (green) 
and F4/80 (red). The number of TUNEL * cells determined for 50 randomly 
selected macrophages (bottom). Experiments were carried out three times, 
and the percentage of the macrophages carrying more than 15 apoptotic cells 
plotted (right). Mann—Whitney’s U-test was used to analyse the difference, 
and P values are shown. e, Normal hamster IgG, Kat5-18 or PBS was injected 
into mice twice a week for 5 weeks. The serum concentration of anti- 
cardiolipin and anti-dsDNA was determined at 2, 5 and 10 weeks. P values 
determined as above are shown. A492, absorbance at 492 nm. 
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cells were cultured with NIH3T3/DNase II, few apoptotic cells were 
seen attached to NIH3T3/DNase II (Fig. 2b). In contrast, many apop- 
totic cells associated with NIH3T3/DNase II/Tim4, and many were 
TUNEL-positive, indicating that these cells had been engulfed. 
NIH3T3/DNase II/Tim4 engulfed apoptotic cells but not healthy 
ones, and this engulfment was dose-dependently inhibited by Kat5- 
18 (Fig. 2c), confirming that Tim4 conferred the ability to engulf 
apoptotic cells on NIH3T3/DNase II. To confirm the function of 
Tim4 in vivo, CAD~‘~ mice were given Kat5-18, and treated with 
dexamethasone to induce apoptosis in the thymus. As shown in 
Fig. 2d, in the thymus of mice that received the control IgG, 32.3% 
of F4/80* macrophages carried more than 15 TUNEL™ apoptotic 
cells. This percentage of the macrophages carrying more than 15 
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apoptotic cells was reduced to about 12.6% in the thymus of the mice 
that received Kat5-18. Inefficient engulfment of apoptotic cells often 
leads to autoimmune diseases'’. In fact, the mice that received Kat5- 
18 developed autoantibodies (anti-cardiolipin and anti-double- 
stranded-DNA antibodies) within 5 weeks in their serum (Fig. 2e). 
Two mice strongly responded to Kat5-18 and two weakly, but the 
injection of normal IgG or PBS never caused the development of 
autoantibodies. The serum anti-cardiolipin antibody level was 
reduced when the injection of Kat5-18 was interrupted, confirming 
that this increase was due to Kat5-18. 

Mouse Tim4 is a type I membrane protein, consisting of a signal 
sequence and extracellular, transmembrane and cytosolic regions 
(Fig. 3a). To examine how Tim4 enhances the engulfment of 


a a.a. c 
1 24 135 281301 343, 
IgV 
Blank 
1 273 
IgV 
PC 
b Oh 2h 4h 
} 1.3% 27.1% 6.9% Pl 
10° 107 10% 10% 10° 10° 107 10% 10% 10° 10° 107 10% 10% 10° PE 
Annexin V —— 
@ - 
E 1.1% 23.8% 7% 
2 — —— 
o 
(Ss) 
10" 10? 10° 10" 10° 10° 10? 10° 10" 10° 10° 10? 10° 10* 108 
Tim4-Fc —————_ 
d ops f 
5 xX Pl 
| Orc Timt-Fe SI Timi-igV_[Timi-Mocin 
8 gl \ PE 
< ee ee | 
g 3} | Tim4-Fo [S| Tim4-Igv_ | Tim4-Mucin _ IRGHI 
[e) 
5 | 1V-2M-Fe SILL TmIgV | _Tim2-Mucin 
TZ 
5 lA 2V-1M-FoS—Tim2-igV__[Tim’-Mucin a 
141 
/ 2V-4M-Fc [RS Tim2-IgV [EMC 
(a 
0 5 10 15 4V-2V-Fc SSTREIGV Tim2-Mucin Raa 
Tim4-Fc (nM) 
e 9g 5 
3 
= 
= 
oO 
° 
a 
To 
(3 
e } 
[e) 
a 
0 5 10 15 
Chimaeric Tim-Fc (nM) 


“Tim2—Tim3 


Tim1 


Figure 3 | Binding to phosphatidylserine. a, Structure of Tim4, showing 
signal sequence (S), IgV-like (IgV), mucin-like (Mucin), transmembrane (TM) 
and cytoplasmic regions (Cyt). a.a., amino acid. Tim4-Fc carries the Tim4 
extracellular region and the Fc region of human IgG. b, Ba/F3-Fas treated with 
Fas ligand for the indicated periods, stained with annexin V or Tim4-Fc. ¢, A 
filter spotted with phosphatidylcholine (PC), phosphatidylinositol (PI), 
phosphatidylethanolamine (PE) or phosphatidylserine (PS), incubated with 


Tim4-Fc followed by anti-IgG. d, Microtitre plates coated with indicated 
phospholipids incubated with Tim4-Fc, followed by anti-IgG. The assay was 
performed in triplicate. e, Lipid overlay assay performed as ¢ with Tim1-Fc, 
Tim2-Fc and Tim3-Fc. f, Structures of the extracellular region of Tim1, Tim2 
and Tim4, and their hybrids, fused to human IgG. g, Microtitre plates coated 
with PS incubated with increasing concentrations of Tim1-Fc, Tim2-Fc, Tim4- 
Fc, or their hybrids. 
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apoptotic cells, the Tim4 extracellular region was fused to the Fc 
region of human IgG (Tim4-Fc). The purified Tim4-Fc showed a 
band at 82kDa in SDS-PAGE under reducing conditions, and a 
170 kDa band under non-reducing conditions (Supplementary Fig. 
3), indicating that Tim4-Fc existed as a dimer. When Ba/F3 expres- 
sing Fas was treated with Fas ligand, they underwent apoptosis and 
bound annexin V (Fig. 3b), which binds to PS exposed on the surface 
of apoptotic cells'*. These cells also bound Tim4-Fc, with a time 
course similar to their binding of annexin V. When a nitrocellulose 
filter spotted with various phospholipids was incubated with Tim4- 
Fc, Tim4-Fc bound PS, but not phosphatidylcholine, phosphatidy- 
linositol, or phosphatidylethanolamine (Fig. 3c). The affinity of 
Tim4-Fc for PS, determined with microtitre plates coated with phos- 
pholipids, was comparable to that of MFG-E8 (Kj ~ 2 nM)(Fig. 3d). 
These results suggested that Tim4 recognizes PS exposed on apopto- 
tic cells as an engulfment signal. In support of this idea, the MFG-E8 
mutant D89E dose-dependently inhibited the engulfment of apop- 
totic cells by NIH3T3/DNase II/Tim4 (Supplementary Fig. 4). 

The Tim family has three members in human (TIM1, 3 and 4), and 
eight in mouse (Tim1-8). To examine whether other Tim family 
members can recognize PS, the Fc fusion proteins were prepared with 
mouse Timl, Tim2 and Tim3 (Supplementary Fig. 5). Tim1-Fc, 
Tim2-Fc and Tim3-Fe each behaved as a dimer (Supplementary 
Fig. 6). The lipid overlay assay indicated that Tim1-Fc, but neither 
Tim2-Fc nor Tim3-Fc, specifically bound PS (Fig. 3e). Accordingly, 
full-length Tim1, but neither Tim2 nor Tim3, enhanced the engulf- 
ment of apoptotic cells when it was expressed in NIH3T3/DNase II 
cells (Supplementary Fig. 7). The extracellular region of Tim family 
members consists of two domains (IgG V-chain like (IgV) and mucin 
domains)*. To examine which domain of Tim1 and Tim4 is respon- 
sible for binding PS, IgV and mucin domains were swapped between 
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Tim1 and Tim2, and between Tim4 and Tim2, and fused to the Fc 
region (Fig. 3f). As shown in Fig. 3g, the chimaeric molecules carrying 
IgV domain from Tim1 or Tim4 tightly bound PS, while no binding 
was observed with the chimaeric molecules carrying mucin domain 
from Tim1 or Tim4. 

Various mammalian cells produce exosomes that expose PS on their 
surface’. The ability of Tim] and Tim4 to bind PS suggested that 
exosomes bind to cells expressing Tim1 or Tim4. To examine this 
possibility, Ba/F3 cell lines expressing Tim] or Tim4 (Ba/F3-Tim] 
or Ba/F3-Tim4) were established. The growing Ba/F3-Tim1 or Ba/ 
F3-Tim4 but not the parental Ba/F3 bound annexin V (Fig. 4a, and 
data not shown). Ba/F3-Tim1 and Ba/F3-Tim4 were then treated with 
biotin-labelled annexin V, followed by staining with gold-conjugated 
streptavidin. Observation by electron microscopy indicated that Ba/ 
F3-Tim1 or Ba/F3-Tim4 was associated with exosome-like vesicles, 
and several gold particles were found on the outer leaflet of the exo- 
somes (Fig. 4b). Such vesicles were not observed with the Ba/F3 par- 
ental cells. Meyers et al.’ reported that Tim4 acts as a ligand for Tim1 
expressed in Th2 cells. Accordingly, Tim1-Fc strongly bound Ba/F3- 
Tim4 (Fig. 4c). In addition, Tim1-Fc bound Ba/F3-Tim1, and Tim4- 
Fc bound Ba/F3-Tim4. The ability of Tim4 and Tim] to bind PS 
suggested that these homophilic and heterophilic interactions between 
Tim] and Tim4 can be stimulated by exosomes. In support of this idea, 
the binding of Tim4-Fc to Ba/F3-Tim4 was inhibited by annexin V 
(Fig. 4d). To directly confirm the effect of exosomes on association 
between Tim1 and Tim4, microspheres were coated with Tim4-Fc, 
and subjected to binding assay with Tim1-Fc. As shown in Fig. 4e, little 
Tim1-Fc bound to Tim4-Fc-coated beads, and exosomes from Ba/F3 
dose-dependently stimulated the binding of Tim1-Fc to the beads. 

Phosphatidylserine exposed on the outer leaflet of the plasma 
membrane is often used as a recognition signal for phagocytes to 
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Figure 4 | Association of Tim1 and Tim4 via exosomes. a, Ba/F3-Tim4 
incubated with PE-annexin V, and analysed by flow cytometry. Staining 
profile of Ba/F3 in red. b, Electron micrographs of Ba/F3, Ba/F3-Tim1 or Ba/ 
F3-Tim4, incubated with biotin-annexin V and stained with streptavidin- 
colloidal gold. Gold particles on exosome-like vesicles indicated by 
arrowheads. Scale bar, 0.3 Lim. ¢, Ba/F3-Tim4 or Ba/F3-Tim1 incubated with 
Tim1-Fc or Tim4-Fc, stained with FITC-anti-IgG, and analysed by flow 
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engulf apoptotic cells. Fadok et al. reported that phosphatidylserine 
receptor (PSR), a ubiquitously expressed type II-membrane protein, 
binds to PS on apoptotic cells and mediates their engulfment”, and 
initial experiments with PSR‘ mice supported this notion?'. 
However, a careful analysis of PSR~'~ mice by Bose et al.”* indicated 
that PSR is not involved in the engulfment of apoptotic cells, and it is 
unlikely to work as a receptor for PS. Here, we showed that Tim4 
expressed in macrophages in various tissues mediates the engulfment 
of apoptotic cells by recognizing PS, indicating that Tim4 is the 
phosphatidylserine receptor for engulfment of apoptotic cells. 
Tim] also enhanced the PS-dependent engulfment of apoptotic cells. 
Tim1] is expressed in kidney tubule cells post-ischaemia™, suggesting 
that it may have a role in removing injured and dead cells, to help 
restore the morphological integrity of the kidney. It will be interesting 
to examine whether any other molecules work as phosphatidylserine 
receptors. 

Some non-apoptotic T or B cells”*”° as well as macrophages” have 
been reported to bind annexin V. Here, we showed that the cells 
expressing Tim1 or Tim4 associated with exosomes that carried 
exposed PS. Activated Th2 cells and B cells express Tim1**”’, while 
the resident macrophages express Tim4, suggesting that the non- 
apoptotic annexin V-binding cells are those that express Tim] or 
Tim4. Exosomes are secreted from various cells and act as an inter- 
cellular signalling device’. Tim1 and Tim4 may mediate this signal- 
ling by enhancing the uptake of exosomes. Cells expressing Tim1 or 
Tim4 tended to aggregate (M.M. and S.N., unpublished results). PS 
on activated T cells is suggested to function in cell-to-cell contact at 
the immunological synapse”. Thus, Tim1 and Tim4 may also be 
involved in cell-to-cell interactions via PS on exosomes. Finally, 
Tim family genes of human and mouse are located on a genetic 
interval that has linkage to a number of autoimmune diseases, such 
as asthma, allergy and atopy’’. The establishment of Tim1 and Tim4 
as PS receptors may contribute to the understanding of these auto- 
immune diseases. 


25,26 


METHODS SUMMARY 

Production of monoclonal antibodies. Armenian hamsters (Oriental Yeast) 
were immunized with mouse peritoneal cells, and about 1,200 hybridomas were 
established by fusing cells from the popliteal and inguinal lymph nodes with 
NSO”"? mouse myeloma. The hybridoma supernatants were tested by a pha- 
gocytosis assay, and one hybridoma (Kat5-18) that inhibited the engulfment of 
apoptotic cells was identified. 

Construction of cDNA library, and expression cloning. The double-stranded 
cDNA longer than 1.0kb was ligated into a BsfXI-digested pMXs vector’. 
Escherichia coli DH10B was transformed by electroporation, and about 
1.0 X 10° clones were produced. Plasmid DNA from the cDNA library was 
introduced into PLAT-E packaging cells, and the culture supernatant was used 
to infect Ba/F3. A subpopulation of Ba/F3 that stained intensely with Kat5-18 
was selected by repeated FACS. The integrated cDNA was recovered by PCR with 
the vector primers from the genomic DNA of Ba/F3 transformants. 
Phagocytosis assay. To assay the engulfment of apoptotic cells, CAD ‘~ thy- 
mocytes were induced to undergo apoptosis with leucine-zipper tagged Fas 
ligand, and co-cultured with peritoneal macrophages or NIH3T3/DNase II cells. 
The cells were fixed with paraformaldehyde, subjected to TUNEL staining, and 
analysed by flow cytometry using a FACSAria (BD Biosciences). 
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SIRT1 regulates the histone methyl-transferase 
SUV39H1 during heterochromatin formation 


Alejandro Vaquero'+, Michael Scher’, Hediye Erdjument-Bromage’, Paul Tempst*, Lourdes Serrano” 


& Danny Reinberg’” 


In contrast to stably repressive, constitutive heterochromatin and 
stably active, euchromatin, facultative heterochromatin has the 
capacity to alternate between repressive and activated states of 
transcription’. As such, it is an instructive source to understand 
the molecular basis for changes in chromatin structure that corre- 
late with transcriptional status. Sirtuin 1 (SIRT1) and suppressor of 
variegation 3-9 homologue 1 (SUV39H1) are amongst the enzymes 
responsible for chromatin modulations associated with facultative 
heterochromatin formation. SUV39H1 is the principal enzyme 
responsible for the accumulation of histone H3 containing a tri- 
methyl group at its lysine 9 position (H3K9me3) in regions of 
heterochromatin’. SIRT1 is an NAD*-dependent deacetylase that 
targets histone H4 at lysine 16 (refs 3 and 4), and through an un- 
known mechanism facilitates increased levels of H3K9me3 (ref. 3). 
Here we show that the mammalian histone methyltransferase 
SUV39H1 is itself targeted by the histone deacetylase SIRT1 and 
that SUV39H1 activity is regulated by acetylation at lysine residue 
266 in its catalytic SET domain. SIRT1 interacts directly with, 
recruits and deacetylates SUV39H1, and these activities indepen- 
dently contribute to elevated levels of SUV39H1 activity resulting in 
increased levels of the H3K9me3 modification. Loss of SIRT1 
greatly affects SUV39H1-dependent H3K9me3 and impairs locali- 
zation of heterochromatin protein 1. These findings demonstrate a 
functional link between the heterochromatin-related histone 
methyltransferase SUV39H1 and the histone deacetylase SIRT1. 

SIRT1 is a member of the Sir2 family of NAD *-dependent histone 
deacetylases** and promotes heterochromatin formation through 
the coordination of several events’. SIRT1 deacetylates histones 
(H4K16 and H3K9), recruits histone H1b, and promotes the loss 
of a mark associated with transcriptionally active chromatin, 
H3K79me2, and the establishment of marks associated with 
repressed chromatin such as H3K9me3 and H4K20mel (ref. 3). 
How SIRT1 affects the levels of histone modifications other than 
deacetylation remains unclear. 

We first tested whether SIRT1 might recruit an enzyme respon- 
sible for H3K9me3, during purification of Flag-tagged SIRT1 
expressed in human 293 cells. Indeed, immunoprecipitated SIRT1 
contained histone H3 lysine methyltransferase (HKMT) activity 
(Fig. la, lanes 5-7), the levels of which were greatly decreased in a 
similarly purified but catalytically inactive form of SIRT1 (lanes 
8-10)°. This HKMT activity was specific for H3K9 (Fig. 1b). 
Histone octamers reconstituted with recombinant histones contain- 
ing either wild-type or mutant H3, in which Lys 27 was replaced with 
Ala (K27A), exhibited similar levels of methylation. In contrast, 
mutant H3, in which Lys9 was replaced with Ala (K9A), was an 
inappropriate substrate. 


Two candidates for this specific HKMT were SUV39H1 and the 
euchromatic histone-lysine N-methyltransferase 2 G9A (also known 
as EHMT2), given their specificity for H3K9me formation’. Inter- 
action between SIRT1 and G9A was undetectable (not shown). However, 
when 293 cells were co-transfected with Flag—SIRT1 anda Myc-tagged 
version of the major cellular activity for H3K9me3 (SUV39H1), the 
presence of either resulted in the co-immunoprecipitation of the 
other in pull-down experiments (Fig. 1c, d). The interaction between 
SUV39H1 and SIRT1 was specific, because the related NAD*- 
dependent deacetylase SIRT2 failed to pull-down SUV39H1 
(Fig. 1c). This is consistent with the functional link found between 
the homologues of SUV39H1 and SIRT1 in Schizosaccharomyces 
pombe (Clr4 and Sir2, respectively)*. Chromatin immunoprecipita- 
tion experiments were then performed on cells containing an indu- 
cible SIRT1 fused to the yeast Gal4 DNA-binding protein domains’ 
that were transfected with Myc-tagged SUV39H1 (Fig. le). Myc— 
SUV39H1 was present at the integrated thymidine kinase promoter 
containing Galé4 sites in these cells only on induction of Gal4—SIRT1 
with which it colocalized, demonstrating their interaction in vivo. This 
correlated with a significant loss in H3K9ac levels and enrichment in 
H3K9me3 levels at the promoter. 

Co-immunoprecipitation experiments were performed to identify 
the interaction domains. A point mutation that renders SIRT1 cataly- 
tically inactive caused deficiency in interaction (Fig. 1f). The amino 
terminus of SIRT1 that interacts with histone H1b (ref. 3) also 
interacts with SUV39HI1 (see below). Removal of either the SET 
domain or the chromo domain of SUV39H1 decreased its interaction 
with SIRT1, whereas removal of the first 89 N-terminal residues 
including the chromo domain eliminated interaction (Supplemen- 
tary Fig. 1a). The chromo domain alone exhibited detectable inter- 
action (Supplementary Fig. 1b), indicating that the N-terminal 
domain (1-43) and the chromo domain (44-88) of SUV39H1 were 
both required for interaction with SIRT 1. This is similar to the case 
reported for SUV39H1 interaction with the polycomb human pro- 
tein PC2 (ref. 7). 

To understand how SIRT1 affects global levels of H3K9me3, we 
tested for its affect on the levels of SUV39H1-specific activity using 
methyltransferase assays performed in vitro with histone octamers as 
substrates. Increasing amounts of recombinant SIRT1 led to elevated 
levels of SUV39H1-mediated methylation of histone H3 (Fig. 2a, 
compare lane 2 with lanes 4-6), whereas recombinant SIRT2 
(Fig. 2a, lanes 8-10) and bovine serum albumin (not shown) were 
ineffectual. The increased SUV39H1 activity exhibited the expected 
substrate activity, being unable to methylate recombinant octamers 
containing mutant H3K9A or mononucleosomes (Supplementary 
Fig. 2). The SIRT1-mediated stimulation of SUV39H1 activity was 
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Figure 1| The histone lysine methyltransferase 
SUV39HT interacts with catalytically active 
SIRT1 in vitro and in vivo. a, Affinity-purified 
Flag-tagged SIRT 1 was assayed for the presence of 
histone methyltransferase activity (top). 
Recombinant histone octamers used as 
substrates were stained with Coomassie blue 
(middle). Flag-tagged wild-type and catalytically 
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inactive SIRT1(H363Y)’ were analysed in 


IP anti-Myc western blots (bottom). SIRT1m, SIRT1 mutant. 
ee ee b, The HKMT is specific for histone H3 lysine 9 in 


HKMT assays. Assays were performed as in a, but 
using octamers reconstituted with histones as 
indicated. c, d, SIRT1 and SUV39H1 exhibit 
reciprocal co-immunoprecipitation in vitro, as 
shown in western blots. FS1, Flag-tagged SIRT1; 
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NAD*-independent (Fig. 2b), but the N terminus of SIRT1 (Fig. 2c) 
was required, as it was for SUV39H1 interaction (Fig. 2e). Titration 
of recombinant protein consisting of only the N-terminal 250 
residues of SIRT1 was sufficient to stimulate the methyltransferase 
activity (Fig. 2c), and a baculovirus-expressed catalytically inactive 
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mutant SIRT1, which contains an intact N-terminal domain, was 
similarly effective (Fig. 2d). In addition, overexpression of the 
SIRT] N terminus in 293 cells gave rise to elevated levels of 
H3K9me3 in vivo without affecting the levels of SUV39H1, histone 
H3, or di- or tri-methylated lysine residue 27 of histone H3 (Fig. 2f). 
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Figure 2 | SIRT1 upregulates SUV39H1 activity in vitro and in vivo through 
the SIRT1N terminus. a, Methyltransferase (HKMT) activity of 
recombinant SUV39H1 as a function of increasing amounts of recombinant 
baculovirus-expressed SIRT1 or bacterially expressed SIRT2. Endogenous 
histone octamers (purified from HeLa cells) used as substrates were stained 
with Coomassie blue. Quantifications of multiple experiments are 
represented below and compared to the HKMT activity of SUV39H1 alone 
(lane 2), which is considered to be 100%. b, As in a, but in the absence or 
presence of NAD *.¢, As ina, but with increasing amounts of either wild type 
or SIRT1 deletion mutants (expressed in Escherichia coli) that either do not 
contain the N terminus (AN) or only contain the N terminus (NT). d, As in 


a, but with increasing amounts of either wild-type SIRT1 or the catalytically 
inactive point mutant H363Y (expressed in baculovirus). e, Western blots 
from immunoprecipitations as in Fig. 1c, but using the Flag-tagged SIRT1 
N-terminal region (SIRT1 NT)’ and Myc-SUV39H 1 as indicated. f, Western 
blots performed on extracts from 293 cells transfected with either empty 
vector or vector expressing the SIRT1 N terminus using the specific 
antibodies indicated. Core histones are stained with Coomassie blue. The 
right side shows quantification of the increased levels of H3K9me3 on 
overexpression of the N-terminal 250 residues of SIRT1 (SIRT1 NT) relative 
to the vector control. Error bars represent s.d. n = 4 for a and ¢; n = 3 for f. 
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Thus, the N terminus of SIRT1 is required both for interaction with 
SUV39H1 and for stimulation of its activity. The conformation of 
SUV39H1 is probably altered in a manner favourable to its activity on 
interaction with the N terminus of SIRT1. 

SIRT1 is the principal NAD*-dependent deacetylase in mam- 
malian cells and, although SIRT1 targets histones, it also deacetylates 
a wide range of proteins**; therefore, we examined if SIRT1 could 
deacetylate SUV39H1. Human 293 cells overexpressing Myc-tagged 
SUV39H1 were exposed to the histone deacetylase (HDAC) inhibitor 
trichostatin A (TSA) (inhibitor of class I and II HDACs)° and to 
nicotinamide (inhibitor of the Sir2 family or class III HDACs)", 
together or independently. SUV39H1 was then affinity-purified, its 
protein levels normalized by western blot, and was assayed for 
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HKMT activity. A clear loss in Suv39h1 activity was observed with 
both inhibitors (Fig. 3a, c), and this affect was specific to nicotina- 
mide treatment (Fig. 3b, c). The absence of the chromo domain of 
SUV39H1 was ineffectual (Fig. 3d, e). Of note, the absence of its N 
terminus rendered SUV39H1 nearly inactive (Fig. 3d, e). That nico- 
tinamide treatment decreased SUV39HI1 activity in vivo strongly 
implicated the deacetylase activity of SIRT1. We next tested if this 
HKMT exists in an acetylated form in the cell and whether or not 
such acetylation might modulate its activity. 

SUV39H1 derived from nicotinamide-treated cells exhibited 
acetylation that mapped to Lys 266 (Fig. 3f and Supplementary Fig. 
3), as compared to untreated cells. This residue is present within the 
catalytic SET (Su(var)3-9, Enhancer-of-zeste, Trithorax) domains of 


7) 


N T 


a | 


= 
i=] 
oO 


60. 


nN 
oO 


4567 


HKMT activity of SUV39H1 (%) 


SUV39H1 AN89 AChromo 


HKMT activity of SUV39H1 (%) 


GIRYDLCIFRTNDGRGWGVRT LEKIRKNSFVMEYVGEI ITSEEAERRGQI YDRQGATYLFDLDYVEDVYTVDAAYYGNISHFV 


NHSCDPNLOVYNVFIDNZDERLPRIAFFATRTI 
Ac 


| 
RTLEKIRKNSF'VME 


Wild type K263A K266A 
rl 
NC N C_N 


Cc 
es et et et et Bet | 
HKMT 
Coomassie 


blue 
123456 9 10111213 


iS 

x 

@ 100 

= 

> 

7) 

‘5 60 

2 

2 

6 20 

© 

bE 

S C_N C_N C_N 
= Wild K263A K266A 


type 


Figure 3 | Acetylation of SUV39H1 negatively regulates its activity and is 
elevated in nicotinamide-treated cells. a, b, SUV39H1 purified from 293 
cells untreated or treated with inhibitors for histone deacetylases TSA (T) 
and nicotinamide (N) either together (a) or independently (b) and assayed 
for HKMT activity (upper panel). Histone proteins were stained with 
Coomassie blue (middle panel) and the levels of purified SUV39H1 were 
normalized with western blots using antibody specific to the Myc-tag 
(bottom panel). c, Quantification of results shown in a and b. d, Full length 
(FL) or indicated deletion mutants of Myc-tagged SUV39H1 purified after 
transfection of untreated (C) or nicotinamide (N)-treated 293 cells and 
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assayed as in a and b but with anti-Myc-specific antibody. e, Quantification 
of results shown in d. f, Amino acid sequence of the SET domain of 
SUV39H1 with Lys 266, which is subject to acetylation as indicated. 

g, h, Human 293 cells transfected with either wild type or mutants of 
Myc-SUV39HI1 containing alanine substitutions (g) or glutamine 
substitutions (h) at the residues indicated. Cells were untreated (C) or 
treated with nicotinamide (N) and the proteins were purified with Myc- 
resin, normalized as in a, b and d, and assayed for HKMT activity as in 

a, b and d. In both g and h, quantifications of the HKMT assays are shown 
below. Error bars represent s.d. n = 4 for c and e. 
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EZH2, SUV420H1, SUV420H2 and SUV39H1, but not within that of 
yeast Clr4 (Supplementary Fig. 5a). SUV39H1 in which Lys 266 was 
replaced with Ala was unresponsive to nicotinamide treatment, 
whereas a control Ala substitution at Lys 263 behaved similarly to 
the wild type (Fig. 3g). In addition, a glutamine substitution that 
mimics an acetylated lysine residue was ineffectual at the Lys 263 
position, but resulted in significant loss in SUV39H1 activity when 
at Lys 266 (Fig. 3h). This loss in activity reflected that observed in 
the case of Myc-tagged SUV39H 1 derived from nicotinamide-treated 
cells (Fig. 3b). Additionally, SIRT1 can partially deacetylate purified 
SUV39H1 with lysine residues radiolabelled with acetic anhydride 
(Supplementary Fig. 4). This was specific to SIRT 1, because neither 
SIRT2 nor SIRT3 deacetylated SUV39H1 although both were active 
in deacetylating H4K16ac and in the nicotinamide exchange reaction 
(data not shown and Supplementary Fig. 4). These results established 
that the enzymatic activity of SUV39H1 is negatively regulated by 
acetylation at residue 266, and that SIRT1-mediated deacetylation 
relieves this inhibition. Interestingly, comparison between the SET 
domain of SUV39H1 and the published structure of the SET 
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Figure 4 | SIRT1 and SUV39H1 activities are linked in vivo. A, Comparison 
of wild-type and Suv’ /~ (Suv39h1/2 ‘~) MEFs using immunofluoresence 
microscopy for the distribution of H3K9me3 (panels b, d), HAKA16ac 

(j, |) and SIRT1 (f, h). DAPI staining of the cells is shown as a control for 
DNA and chromatin distribution (a, ¢, e, g, iand k). B, Comparison of wild- 
type and Sirtl ‘" MEFs using immunofluoresence microscopy for the 
distribution of DAPI (a, e), H3K9me3 (b, f) and HP 1 (c, g). A merged 
image of them is shown (d, h). Sirt!_'~ MEFs were transfected with Flag- 
tagged SIRT1 (wild type), the SIRT1 catalytically inactive point mutant 
H363Y (S1Mut) or ANSIRT1 (ANS1), and were analysed by 
immunofluorescence for the distribution of H3K9me3 (j, n, r), Flag tag 

(k, 0, s) and DAPI staining (i, m, q). A merged image of DAPI and H3K9me3 
is shown (I, p, t). The images shown are representative of the experiment. 
Full quantification of the data (percentage of cells that show H3K9me3 
localization in heterochromatin on each condition) is included as a graph in 
E. C, Quantification of cells in A. Significant numbers of the cells (202 for 
Sirt! ‘~ and 201 for wild type) were checked for colocalization of HP1a and 
H3K9me3 over DAPI bright blue regions. Cells showing colocalization were 
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domains of two homologues, Schizosaccharomyces pombe Clr4 and 
Neurospora crassa Dim-5, indicates that Lys 266 is located in an 
exposed loop that participates in mediating the interaction between 
the SET domain and the cysteine-rich post-SET domain (Supple- 
mentary Fig. 5b). Acetylation of Lys 266 could alter this inter-domain 
interaction and affect the specific activity of the enzyme, which 
would explain the stimulatory effect of Lys266 deacetylation on 
SUV39H1 activity". 

To corroborate this functional relationship, 293 cells were tested 
for colocalization of SIRT1 and green-fluorescent-protein-tagged 
SUV39H1. Consistent with published results”’*, SUV39H1 was 
found in constitutive heterochromatin foci, although it was also 
spread throughout the nucleus at distinctive regions (data not 
shown, Fig. 4A). Because the loss of SIRT1 results in decreased 
levels of H3K9me3 (ref. 3) and SIRT1 interacts with and activates 
SUV39H1 (as shown in this report), SIRT1 might also be affected 
when SUV39H1 is deficient. Immunofluorescence studies performed 
on mouse embryonic fibroblasts (MEFs, wild type or Suv ‘~) 
demonstrated that SIRT1 localization was similar, although its 
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counted and expressed as a frequency of the total number of cells. Data were 
obtained from two different slides per group. D, Histograms show the 
average intensity per pixel of H3K9me3 (upper panel) and HP1a (lower 
panel) within constitutive heterochromatin (HC) and outside of constitutive 
heterochromatin, that is, euachromatin (EU) and facultative 
heterochromatin (HF), for Sirtl”'~ and wild-type MEFs. The average HP1 
and H3K9me3 intensity per pixel is higher in Sirt]*/ than Sirtl”-'~ within 
constitutive heterochromatin regions (P < 0.001). Error bars represent s.d. 
E, Quantification of the rescue experiments shown in B, panels 

i+t, represented in a graph showing the percentage of colocalization of 
H3K9me3 with heterochromatin (red bars), and the corresponding 
percentage of mislocalization (blue bars) for each experiment. Wild-type 
and Sirt1 ‘~ percentages are shown on the left of the graph. The percentage 
of colocalization/mislocalization of the transfected cells are represented on 
the right of the graph. These experiments, which involved the quantification 
of 800 Flag-positive cells for each condition, were reproduced in triplicate 
and error bars (s.d.) are included. Representative immunofluorescence 
images of these experiments are shown in panel B, i-t. 
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distribution was slightly more punctuate in the mutant case (Fig. 
4A, compare f and h). However, the distribution of the SIRT1 target, 
H4Kl6ac, was altered greatly. Although normally distributed to 
euchromatin (Fig. 4A, j), H4K16ac was now seen to invade con- 
stitutive heterochromatin, being almost exclusively located there 
in the case of Suv '~ cells (Fig. 4A, 1). None of the other non- 
heterochromatin-associated modifications tested (H4K12ac, 
H3K9ac or H3K4me3) was found to invade heterochromatin in these 
cells (Supplementary Fig. 6a). 

We next gauged SUV39H1 activity in the absence of SIRTI. 
Sirtl_‘~ MEFs showed a complete loss of SUV39H1-dependent 
H3K9me3 in heterochromatic regions (Fig. 4B, D) in more than 
50% of the cells studied, in comparison to the wild-type case (Fig. 
4C). This is in agreement with previous findings in which SIRT1 loss 
by RNA interference led to decreased levels of H3K9me3 (ref. 3) and 
in which Clr4-mediated methylation of H3K9me3 in constitutive 
heterochromatin required the presence of Sir2 in S. pombe’. 
Moreover, the localization of heterochromatin protein 1 (HP1) to 
the same loci was also abrogated in Sirtl~/~ MEFs (Fig. 4B—D). 
However, in contrast to the case of S. pombe, the loss of SIRT1 or 
SUV39H1 in the mammalian system studied here did not result in 
an invasion of H3K9ac in those regions that exhibited a loss of 
H3K9me3 (Supplementary Fig. 6b). This indicates that mechanisms 
engendering heterochromatin formation may not be completely 
conserved from yeast to humans. Of note, the antibodies against 
H3K9me3 were derived using a branched methylated peptide, and 
the detection of H3K9me3 is SUV39H1-dependent (Fig. 4A, com- 
pare b with d). This effect is directly dependent on SIRT1, because 
expression of exogenous SIRT1 rescued H3K9me3 mislocalization in 
heterochromatic regions (Fig. 4B, i-l, E,). This SIRT 1-mediated res- 
cue depends on both its activity and the presence of its N-terminal 
domain (Fig. 4B, m-t, E), supporting a direct functional relationship 
between SIRT1 and SUV39H1. In addition, the high degree of iden- 
tity between SUV39H1 and its close relative SUV39H2, together with 
our results obtained with the Suv ‘~ cells, may suggest also a SIRT1 
link to SUV39H2, the function of which is not completely under- 
stood. Further work should shed a light on this point. 

This report demonstrates the direct and functional interrelation- 
ship between two major enzymes that implement chromatin struc- 
tural changes through histone modifications during the formation of 
heterochromatin. This underscores that the enzymes responsible for 
pivotal histone modifications do not function in isolation, but are 
co-regulatory. SIRT1 exhibits a multi-pronged role in promoting 
conditions favourable to transcriptional repression by deacetylating 
specific histone proteins, recruiting histone Hlb and, as shown 
here, modulating SUV39H1 activity, resulting in the accumulation 
of another repressive chromatin mark. This streamlining of the 
participants that alter chromatin structure is just beginning to be 
appreciated and probably operates during other regulatory events 
that evolved to ensure this process. 


METHODS SUMMARY 

Immunofluorescence. The MEFs used in this work were fixed in 4% para- 
formaldehyde for 10 min at room temperature (22 °C). Membrane permeabili- 
zation was achieved by incubation in buffer A (0.1% sodium azide PBS, 0.5% 
Triton-X, 0.5-1% BSA) for 10min at room temperature, as described pre- 
viously’; this was followed by incubation with antibodies against H3K9me3, 
mouse SIRT1, HP1o and H4AK12 (Upstate); H3K9ac and H3K4me3 (Abcam); 
and H4K l6ac (Serotec). 

Mapping of acetylated residue in SUV39H1. Gel-resolved proteins from 
nicotinamide-treated and untreated (control) samples were digested with 
trypsin, batch-purified on a reversed-phase micro-tip, and analysed by 
matrix-assisted laser desorption/ionization reflectron time-of-flight (MALDI- 
reTOF) mass spectrometry (MS) (UltraFlex TOF/TOF, Bruker) for peptide mass 
fingerprinting, as described’. This served to confirm the identity of the proteins 
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and to locate differences between the tryptic peptide maps of the modified 
(acetylated) and unmodified forms. Differential peak m/z values were matched 
to the protein sequence provided, allowing for the probable presence of acetyl 
groups (+42 Da). Mass-spectrometric sequencing of the putative acetylated 
peptides (with or without methionine oxidation) was then carried out by 
MALDI-TOF/TOF MS/MS analysis using the UltraFlex instrument in ‘LIFT’ 
mode. Fragment ion spectra, derived from averaging 2,000 laser shots, were 
inspected for a, b and y ions to compare with the computer-generated fragment 
ion series of the predicted tryptic peptides to locate the exact or approximate 
position of the acetylated amino acid. 

HKMT assays and immunoprecipitations. The assays were performed as 
described previously’’. Immunoprecipitations were performed using Flag 
agarose (Sigma) and agarose-crosslinked Myc antibody (Cell Signaling). 

Cells and treatments. MEFs were generated as described*'*'’. Human 293 cells 
were treated with nicotinamide and/or TSA under conditions described pre- 
viously’. Transfections were performed using Lipofectamin 2000 (Invitrogen) 
according to the manufacturer’s instructions. 
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Molecular basis of RNA-dependent 


RNA polymerase II activity 


Elisabeth Lehmann’, Florian Brueckner! & Patrick Cramer’ 


RNA polymerase (Pol) II catalyses DNA-dependent RNA syn- 
thesis during gene transcription. There is, however, evidence that 
PolII also possesses RNA-dependent RNA polymerase (RdRP) 
activity. PolII can use a homopolymeric RNA template’, can 
extend RNA by several nucleotides in the absence of DNA’, and 
has been implicated in the replication of the RNA genomes of 
hepatitis delta virus (HDV)** and plant viroids’. Here we show 
the intrinsic RdRP activity of Pol II with only pure polymerase, an 
RNA template—product scaffold and nucleoside triphosphates 
(NTPs). Crystallography reveals the template—product duplex in 
the site occupied by the DNA-RNA hybrid during transcription. 
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RdRP activity resides at the active site used during transcription, 
but it is slower and less processive than DNA-dependent activity. 
RdRP activity is also obtained with part of the HDV antigenome. 
The complex of transcription factor IIS (TFIIS) with Pol II can 
cleave one HDV strand, create a reactive stem-loop in the hybrid 
site, and extend the new RNA 3’ end. Short RNA stem-loops with a 
5’ extension suffice for activity, but their growth to a critical 
length apparently impairs processivity. The RdRP activity of 
Pol II provides a missing link in molecular evolution, because it 
suggests that Pol II evolved from an ancient replicase that dupli- 
cated RNA genomes. 
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Figure 1| RNA-dependent RNA polymerase II activity. a, Structure-based 
design of the RdRP scaffold. Structures of the complete Pol II EC’ and the 
Pol II-FC* RNA inhibitor complex’ were superimposed by fitting aspartate 
loop residues in the active site. The nucleic acids in the active centre of the 
two complex structures (EC’ and FC* RNA’) are shown. The RdRP scaffold 
derived by combination of a forked RNA template—product duplex with the 
3’ stem of FC* RNA is shown at the bottom. The RNA product strands are in 
red (transcription EC) or raspberry (RdRP EC), and the RNA template 
strand is in orange. The FAM fluorescent label is shown as a green diamond. 
The same colour code is used throughout. The 5’ stem of FC* RNA, which is 


not used here, is in grey. The nucleotide addition site is denoted +1, and 
upstream and downstream positions are depicted with negative and positive 
numbers, respectively. b, RNA synthesis with the RdRP scaffold from 

a. Lane 1 shows the fluorescently labelled reactant RNA. In lanes 2-10 the 
RNA scaffold was incubated with pure Pol II and different types of NTP (see 
Methods). UMP misincorporation at position +3 (lane 4) was confirmed by 
mass spectrometry (not shown). c, Time courses of RNA synthesis with the 
RdRP scaffold (lanes 2-5) and the corresponding DNA template-containing 
scaffold DdRP (lanes 6-9). d, TFIIS-induced 3’-RNA cleavage in the RdRP 
EC. 
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Structural studies of the transcription elongation complex (EC) 
revealed a B-form DNA duplex entering the downstream polymerase 
cleft, and a hybrid duplex of DNA template with RNA product above 
the active site** (Fig. la). During RdRP activity, the hybrid site and 
the downstream cleft are expected to accommodate A-form RNA 
duplexes. The downstream cleft can accommodate A-RNA, as 
observed for the 3’ stem of the RNA inhibitor FC* (ref. 9) (Fig. 1a). 
The FC* 3’ stem overlaps with two DNA template positions down- 
stream of the NTP-binding site (position +1; Fig. la), suggesting 
that an RNA template could enter the active site in a similar manner 
to DNA. 

To test whether Pol II can indeed use an RNA template, we pre- 
pared an RNA scaffold that combined the FC* 3’ stem with a putative 
RNA template—product duplex (RdRP scaffold; Fig. la). To monitor 
potential RNA elongation, the product strand was labelled at the 5’ 
end with 6-carboxyfluorescein (FAM). Incubation of this scaffold 
with PolII and NTPs led to RNA elongation (Fig. 1b, lanes 1 and 
2), indicating the formation of an active RdRP EC. Most RNA was 
elongated by eight nucleotides, but shorter and longer products were 
also observed. Mass spectroscopy of the products was consistent with 
RNA-templated synthesis (Supplementary Table 1). Incubation of 
the RdRP EC with subsets of NTPs led to products that generally 
arose from templated nucleotide addition (Fig. 1b, lanes 3-10), but 
the absence of the cognate NTP also permitted misincorporation. At 
position + 1, AMP could be incorporated instead of GMP; at position 
+3, UMP could replace CMP. Misincorporation did not result from 
the use of RNA as a template, because a corresponding DNA template 
(scaffold DdRP; Fig. 1c) produced the same product pattern 
(Supplementary Fig. 1). These results show the intrinsic RdRP acti- 
vity of Pol II. 

To unravel the structural basis of the RdRP activity, we determined 
the crystal structure of the complete Polll bound to an RdRP 
scaffold. A scaffold with a 5’ extension of six nucleotides sufficed 
to form an active RdRP EC (Supplementary Fig. 2), and enabled 
crystallographic analysis at 3.8A resolution to be made (Fig. 2, 
Supplementary Fig. 3, Supplementary Table 2, and Methods). The 
structure revealed the RNA template—product duplex in the site 
occupied by the DNA—RNA hybrid during transcription. The RNA 
product 3’ end was bound to the catalytic metal ion A (Fig. 2). RNA 
synthesis occurred at the active site used during transcription, 
because product RNA was cleaved from the 3’ end by TFIHS 
(Fig. 1d), which stimulates RNA cleavage at the active site in the 
EC”, and in a PolII-RNA complex’. For positions —1 to —5, the 
structure of the RNA duplex was essentially identical to that of 
the DNA-RNA hybrid’; however, at the upstream positions —6 to 
—9, changes in phosphate positions of up to 3A resulted in a 
decreased helical rise (Fig. 2b). 

To compare Pol II activity on the RdRP scaffold and on a corres- 
ponding DNA template scaffold, we conducted a time course experi- 
ment (Fig. 1c). Pol II rapidly reached the end of the DNA template 
but was slower and stopped prematurely on the RNA template 
(Fig. 1c). This was not due to a different scaffold affinity for Pol II 
(Supplementary Fig. 4). To investigate the premature stop, we altered 
the scaffold (Supplementary Fig. 2). When the downstream duplex 
length was increased or decreased by 1 base pair (bp), the maximum 
product length changed accordingly (Supplementary Fig. 2b, lanes 3 
and 4), suggesting that the uracil at position +9 posed an obstacle to 
elongation. However, synthesis still stopped at position +8 when this 
uracil was replaced by cytosine or when the downstream duplex was 
replaced by a single strand (Supplementary Fig. 2b, d). Thus, Pol II 
could use single-stranded or double-stranded downstream RNA 
templates and showed impaired processivity, independently of the 
nature of downstream RNA. 

To investigate the physiological significance of the RdRP activity, 
we studied a terminal segment of the HDV antigenome (Fig. 3a). In 
cell extracts, this segment directs RNA synthesis that is sensitive to the 
Pol II inhibitor «-amanitin'’’*. The reaction involved RNA strand 
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cleavage followed by elongation of the new 3’ end’”"’. The cleaved 
HDV segment apparently forms an RNA template—product stem- 
loop and a downstream RNA duplex, which we shortened by repla- 
cing a natural bulge with a loop (HDV scaffold; Fig. 3a). Incubation 
of this scaffold with Pol II and NTPs resulted in RNA synthesis up to 
the end of the template, although synthesis also stopped prematurely 
(Fig. 3b, lane 8). RNA synthesis was strictly dependent on the tem- 
plate. Only cognate NMPs were incorporated at positions +1 and +2 
(Fig. 3b, lanes 2-6). When UTP was omitted from the reaction, RNA 
synthesis stopped at position + 13 as expected (Fig. 3b, lane 7). RNA 
synthesis was slow, but some final product appeared within 1 min 
(Fig. 3d). These in vitro data match the evidence for Pol II-dependent 
HDV replication in vivo’*, and argue for the physiological signifi- 
cance of the RdRP activity of Pol IL. 

The higher processivity of Pol II on the HDV scaffold than on the 
RdRP scaffold may originate from the different upstream template— 
product duplex, which forms a stem-loop instead of a forked end 
(Fig. 3c). We therefore analysed two chimaeric scaffolds that recom- 
bine the upstream and downstream regions of the two scaffolds 
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Figure 2 | Crystal structure of a Pol II-RdRP complex. a, Ribbon model of 
Pol II (grey) with an initial, unbiased difference Fourier electron-density map 
(cyan, contoured at 2.20). The map was calculated from protein model phases. 
It reveals the RNA template—product duplex of scaffold RdRP-ss6 
(Supplementary Fig. 2) in the active-centre cleft of Pol II. The bridge helix is in 
green. The catalytic metal ion A is depicted as a magenta sphere, and Zn”* ions 
as cyan spheres. The view is related to that in Fig. 1a by a 90° rotation around a 
vertical axis. b, Comparison of the RNA template—product duplex in the 
RdRP EC with the DNA-RNA hybrid duplex in the transcription EC’. Protein 
structures were superimposed by fitting the active-site aspartate loops. 
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(Fig. 3c). Combination of the RdRP upstream region with the HDV 
downstream region strongly decreased processivity compared with 
the HDV scaffold (Fig. 3e). In contrast, combination of the HDV 
upstream stem-loop with the RdRP downstream region enabled 
run-off synthesis that was not possible with scaffold RdRP (Figs Ic 
and 3f). Thus, the HDV stem-loop promoted RdRP processivity. 
Consistently, the stem-loop alone, containing only a two-nucleotide 
5’ extension, formed a functional RdRP EC (Fig. 4a). 

To test whether the RdRP-promoting stem-loop can be formed 
from the HDV terminal segment in vitro, we incubated the segment 
with pure Pol II-TFIIS complex. This resulted in RNA cleavage at the 
internal bulge (Fig. 4b). The bulge apparently connected the two 
RNA duplexes in a flexible way, to enable positioning of the scissile 
RNA strand at the active site (Fig. 4e). Cleavage produced a 6-bp 
stem-loop, comparing favourably with the 5-bp stem-loop that 
forms in extracts'!. On the addition of NTP, the new 3’ end was 
elongated up to the end of the template (Fig. 4b, lane 7). 
Consistently, a corresponding 6-bp stem-loop with a 5’ extension 
supported RdRP activity (Fig. 4a). Thus, the Pol II-TFIIS complex 
can cleave the HDV terminal segment and elongate the new 3’ end 
in vitro, which is consistent with models for HDV replication in vivo. 

The 6-bp stem-loop that forms by HDV RNA cleavage in vitro 
(Fig. 4a) could be structurally revealed in a complex with Pol II 
(Fig. 4c, d, and Supplementary Table 2). The stem-loop bound the 
hybrid site, and phosphates at positions —1 to —5 occupied the 
same locations as in the artificial RARP EC. However, RNA positions 
—6 and —7 had an increased helical rise (Fig. 4d), showing that 


Upstream Downstream 


RdRP 
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the hybrid site accommodates various RNA duplexes with upstream 
ends of different structure. The RNA loop was mobile except for one 
cytidine residue (Fig. 4a, c). Consistently, a double mutation in the loop 
did not impair activity (Supplementary Fig. 5). Because base-specific 
PollII-RNA contacts are absent in both RdRP EC structures, Pol II 
recognizes the A-RNA stem rather than a particular RNA sequence. 

During transcription, upstream template and product strands are 
separated, whereas the HDV stem-loop probably persists during 
elongation. Consistently, Pol II readily used stem-loops with 5, 6, 7 
or 10 bp as substrates, but not stem-loops with 13, 15 or 18 bp (Figs 3g 
and 4a). Modelling revealed a clash of the polymerase lid with the 
RNA stem-loop when it reached a length of 10 or 11 bp. The clash 
may destabilize the RdRP EC and facilitate stalling. This model 
explains why elongation with the HDV scaffold partly stalled when 
the stem-loop reached 13-18 bp (Fig. 3a, b), and why replacement 
of the uracil at the downstream position +8 did not influence 
stalling (Fig. 3h). The model also explains stalling of the artificial 
RdRP ECs when a persistent template-product duplex would 
reach a length of 16bp (Fig. 1b and Supplementary Fig. 2). 
Similarly, a persistent DNA-RNA hybrid stalls the transcription 
EC’**. The limited RdRP processivity in vitro is apparently over- 
come during HDV replication in vivo by binding of the HDV- 
encoded elongation-stimulatory delta antigen to the polymerase 
clamp'’'*'*®. Clamp movements and/or RNA repositioning would 
enable the exit of a persistent stem-loop from the cleft. 

Our results also explain the previously observed apparently non- 
templated RNA elongation in a Pol I-RNA complex’. The RNA used 
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Figure 3 | RNA synthesis with HDV RNA-derived scaffolds a, Schematic 

representation of the terminal segment of the HDV antigenome (top) and 
the HDV-derived scaffold (bottom). b, Pol II-dependent RNA synthesis with 
HDV scaffold. Lane 1 shows the fluorescently labelled reactant RNA. Lanes 
2-8 show the elongation products after incubation with various subsets of 
NTPs as indicated. c, Design of two chimaeric scaffolds that recombine the 


upstream and downstream regions of the artificial RdRP scaffold and the 
HDV-derived scaffold. d-f, Time courses of RNA synthesis with HDV 
scaffold (d) and with the chimaeric scaffolds 1 (e) and 2 (f). g, HDV-derived 
stem-loops of different lengths serve as RdRP scaffolds. h, RNA synthesis 
with an HDV scaffold with U in position +8 mutated to C. 
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Figure 4 | Mechanism of HDV replication initiation. a, HDV-derived 
terminal stem-loops consisting of 5 or 6 bp enable templated incorporation 
of the next nucleotide(s). b, Pure Pol II-TFIIS complex cleaves the HDV 
antigenome terminal segment and elongates the newly formed 3’ end on the 
addition of NTP. For cleavage, Pol I-scaffold complex (625 nM) was 
incubated with TFIIS (1.25 11M) in transcription buffer for 60 min at 28 °C. 
For elongation of the cleavage product, the reaction mixture was incubated 
with 1 mM NTPs at 28 °C for 20 min. For lane 5, the cleavage reaction was 
stopped after 60 min (‘Stop’). ¢, Difference electron density omit map for the 
6-bp HDV stem-loop bound to the hybrid site of Pol II (calculated with 


for these studies bound PollII and was cleaved on the addition of 
TFIIS; cleavage products were elongated by a few nucleotides’. We 
predict that this RNA formed an 11-bp stem-loop in the hybrid site, 
anda bulge ora 3’ tail at the active site (Supplementary Fig. 6). TFIIS- 
stimulated cleavage then created a new 3’ end at the active site, which 
was elongated in a templated manner, until a critical template— 
product length was reached. Consistently, an 11-bp stem-loop 
resembling a cleaved species” supported templated nucleotide 
incorporation (Supplementary Fig. 6). Our results also explain 
previously observed cleavage and limited re-extension of a short 
RNA stem-loop by bacterial RNA polymerase’’. Thus, earlier 
observations”'” are apparently examples of the RdRP mechanism 
described here. 

The RdRP activity of Pol II provides a missing link in molecular 
evolution, because it supports the prediction that an ancestor of 
PolII was the enzyme that replicated early RNA genomes'®. This 
is supported by the recent findings that the related bacterial RNA 
polymerase supports not only RNA synthesis with the non-coding 6S 
RNA as template’””® but also RNA-facilitated RNA cleavage*'. The 
early RNA replicase apparently evolved to accept DNA as a template 
during the transition from RNA to DNA genomes. The early replicase 
was apparently a common ancestor also of distinct single-subunit 
RdRP enzymes, because these show a Pol II-like core protein fold 
and active site’. It is possible that the ancient RdRP activity of 
Pol II, which still replicates HDV, is still used in certain cellular 
processes, because many organisms lack dedicated single-subunit 
RdRPs. Given the slow nature and the impaired processivity of the 
RdRP activity in vitro, such processes would require stimulating 
factors or would be restricted to the generation of smaller RNAs. 


METHODS 


Endogenous Saccharomyces cerevisiae core PolII was purified as described” 
except that the anion-exchange step was omitted. Recombinant Rpb4/7 and 
TFIS were prepared as described'°*. Pol Il-scaffold complexes were assembled 
by incubating pure Pol II with two molar equivalents of annealed nucleic acids in 
transcription buffer as described”, at 20 °C for 30 min. Unless stated otherwise, 
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protein phases only, contoured at 3.00). The disordered loop is indicated 
with a dashed line. The view is as in Fig. 2a. d, Superposition of the RNA 
template—product duplex in the HDV EC and the RdRP EC (Fig. 2) on the 
DNA-RNA hybrid duplex in the transcription EC’. Protein structures were 
superimposed by fitting the active-site aspartate loops. e, Model of initial 
interaction of the HDV antigenome terminal segment with the Pol II-TFIUS 
complex. The stem-loop is placed in accordance with the crystal structure 
(c, d) and the downstream duplex in accordance with the location of the FC* 
RNA 3’ stem. We predict that the HDV bulge passes the bridge helix and 
active site, where cleavage occurs. 


Pol H-scaffold complex (330 nM) was incubated with NTPs (1 mM) at 28 °C for 
20 min for RNA extension assays, or with TFIIS (660nM) for 60 min for RNA 
cleavage assays. Reactions were stopped by incubation with an equal volume of 
8M urea, 2 X TBE (Tris-borate-EDTA) for 5 min at 95°C. The FAM-labelled 
RNA products were separated by denaturing gel electrophoresis (1 pmol of RNA 
per lane, 0.4-mm 15-20% polyacrylamide gels containing 7 M urea, at 50-55 °C) 
and revealed with a Typhoon 9400 scanner (GE Healthcare). The crystal struc- 
ture of the Pol II complex with scaffold RdRP-ss6 (Supplementary Fig. 2) was 
determined essentially as described”™*. Core Pol II was incubated with two molar 
equivalents of the scaffold and five molar equivalents of Rpb4/7 in 5 mM HEPES 
pH 7.25, 40 mM (NH4)2SO,, 10 WM ZnCl, 10 mM dithiothreitol. The complex 
was purified by size-exclusion chromatography, concentrated to 4 mg ml ', and 
crystallized at 22°C in hanging drops containing 2 ul of sample and 1 pl of 
reservoir solution (200 mM ammonium acetate, 150 mM magnesium acetate, 
50mM HEPES pH7.0, 5% poly(ethylene glycol) 6000, 5mM TCEP (tris 
(2-carboxyethyl) phosphine hydrochloride)). The HDV stem-loop was co- 
crystallized with Pol II under the same conditions. RNA scaffold (10 uM) was 
added to the cryo solutions. For crystallographic details see Supplementary 
Table 2. Diagrams were prepared with PyMOL (DeLano Scientific). 
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CORRIGENDUM 


doi:10.1038/nature06439 
Positive darwinian selection at the imprinted 
MEDEA locus in plants 


Charles Spillane, Karl J. Schmid, Sylvia Laoueillé-Duprat, 
Stéphane Pien, Juan-Miguel Escobar-Restrepo, Célia Baroux, 
Valeria Gagliardini, Damian R. Page, Kenneth H. Wolfe 

& Ueli Grossniklaus 


Nature 448, 349-352 (2007) 

We inadvertently omitted to submit some of the sequences we used to 
GenBank. The complete set of GenBank numbers is: DQ975464, 
DQ975465, EU073602 to EU073616, EU073618 to EU073661, and 
EU139161 to EU139163. 
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A better mousetrap 


The appliance of science. 


Mike Resnick 


Men have always talked about building a 
better mousetrap, just the way they talk 
about a car that runs on water rather than 
gasoline, or nuclear fission that doesn’t 
have any harmful by-products. But it 
wasn't until they reopened the Heisen- 
berg Space Station out between Europa 
and Callisto that they realized they really 
needed a better mousetrap. 

The first team of scientists — four men 
and two women — docked their ship there 
on 2 November 3014 ap, at exactly 7:43 
p.m. H.T. (Heisenberg time). They but- 
tressed the hatch up against the entrance 
to the station, sealed it, then opened both 
doors and stepped into the station, the first 
humans to do so in more than 900 years. 

Exactly 43 seconds later, one of the 
women screamed, and the other jumped 
onto a chair that was bolted into the 
floor. Three of the men started cursing, 
and the fourth, a wimpy little fellow, 
fainted dead away. 

It seemed that some of the station’s 
inhabitants were waiting for them. Theyd 
been there nine long centuries, and were 
glad to have some company. Having just 
eaten the last of the huge stores of pre- 
served food that prior crews had laid in, 
they were even happier to have a new 
source of protein. 

“What are they?” asked the wimpy sci- 
entist when they woke him up. 

“Mice,” said the nuclear physicist. “Or 
maybe rats.” 

“I don't care what they are!” said the 
roboticist from atop her chair. “Get them 
away from me!” 

“No problem, said the biochemist. “T'll 
whip up a fast-acting poison and lay it out 
for them.” 

At which point the wimpy scientist 
fainted again. 

So the biochemist mixed up the poison, 
and left it out for the mice, and the crew 
went about setting up their workstations, 
ate dinner and went to bed, expecting 
to find a few hundred dead mice in the 
morning. 

What they found were some plump 
mice, happily licking their chops and look- 
ing for more poisoned bait. 

“They've evolved,’ said the biochemist. 
“They’ve obviously developed an immu- 
nity to poison. I suppose we'll just have to 
find some other way to kill them.” 

“I know just the thing,’ said the nano- 
technologist. “Pll design a mechanical 


microbe that will invade their systems and 
attack them from the inside, and I'll slip it 
in some cheese.” 

The mice came, and they saw, and they 
ate — and they came back the next morn- 
ing looking for more. 

“T don't understand it,’ said the nano- 
technologist. “Those microbes would 
kill any one of us. Why didn’t they kill 
the mice?” 

No one knew, so they captured one of 
the mice, drew blood samples, stomach 
samples, gene samples and still had no 
answer. The best suggestion came from 
the biochemist, who theorized that 
their forced evolution had 
created an internal envi- 
ronment so hospitable 
to microbes, even 
engineered ones, 
that the microbes 
ignored their pro- 
gramming and 
set up shop in the 
mice’s intestines. 

The roboticist 
tried next. She 
created an army of 
tiny metal warriors 
and sent them forth to 
do battle under chairs and 
beds, inside bulkheads, wher- 
ever the mice were hiding. 

That was when they learned that the 
mice had evolved mentally as well as physi- 
cally, and that their commanders were far 
superior at warfare to the roboticist, who 
had programmed her metal army. The 
robots were outflanked and outmanoeu- 
vred, and finally surrendered only 17 hours 
into the battle. 

The nuclear physicist didn’t do much 
better with his jerrybuilt disintegrator ray. 
The mice were impervious to it, and the 
only harm it did was to two bathrooms and 
the coffee-maker in the galley. 

“Well, I'm all out of ideas,” said the bio- 
chemist. 

“The dirty little swine have beaten 
us at every turn,” muttered the nuclear 
scientist. 

“Idiots!” said the wimpy little scientist 
disgustedly. 

“The mice?” 

“No, he said. “I was referring to my col- 
leagues.” 

“You should talk!” snapped the roboti- 
cist. “All you ever do is faint.” 

“I have never denied my limitations,” 
said the scientist, “though it is thoughtless 
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of you to refer to them. Just for that, ’'ve a 
good mind not to solve your problem.” 

“So you think you’re the one who 
can build a better mousetrap?” she said 
sardonically. 

“Most certainly.” 

“Even though they ve withstood poison, 
microbes, military robots and disinte- 
grator rays?” 

“Yes?” 

“Okay, hot-shot. What will you need?” 

“Just a little help from our geneticist.” 

“And nothing else?” 

“Not at the moment,’ said the scientist. 

So they left him and the geneti- 
cist alone for a month and 
tried not to notice all the 
damage the mice were 
doing. And then one 
day the scientist 
announced that 
the better mouse- 
trap had been 
created and was 
ready to perform 
its function. 

The others all 
snickered at him. 

“That’s it?” asked 
the nanotechnolo- 
gist when he displayed 
it. “That’s the better mouse- 

trap that we've been waiting for all 
month?” 

“You don’t really think something 
this primitive is going to work, do you?” 
demanded the biochemist. 

“Oh, ye of little faith,” muttered the 
wimpy scientist. 

They all laughed. (Well, they laughed at 
Newton and Einstein too.) 

Within a week every mouse on the sta- 
tion had been eliminated, including three 
that had somehow migrated onto the 
docked ship. It had been swift, efficient 
and devastating. 

“Whod have believed it?” said the 
roboticist as they all gathered around the 
better mousetrap. 

“Where did you ever hear about some- 
thing like this?” asked the nanotechnolo- 
gist. 

“Sometimes you have to read books 
that aren't exclusive to your field of study,” 
answered the scientist. 

“Meow, agreed the better mousetrap. 
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